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HHOREFIX, HROBEPRERTIEDORERL LTEZ U I2EEZK
RIZEZXTVD. Z0F A7 IR ORABRTICERS I, MIEAO
BRICEMENS., —RICHEDOBIITHRNREED DS REOE LA B
NTWAZEnbBE XD E, ZORYOR FHROMERIIED THREER2HE
FROEWVZ D, YUBRMAZETH, FErHROBRICEEh28s 2l F4
YR BEDESRE MBRNEESIEOMIT 2 ED TE ., TO/KR, BFs
X7 EBER TR L LTRSS, TV AT I T L o THRIRIZE
bhaZ L®RT Lk, IRy /BER (VPE) Ik o TFukv
TEZ, BRNICERTIZLEALHRLE. AFF U7 EEZIILD
& LRI Z o R 7 EORBIX, —EOWIRZ v 7 B OEERIBERO K
MEBTEZDZZ LD, BIRF U RIHOBRKHR#EELRET S EER
BREARDILBTES. ZOBRRY R EORRBLEE L BRT S0
LIF O 2 21T L.
Bha7a¥ L JEESR (VPE) OFEFHIRRMNICI T 2 BIER Bk~ Riihas
\ZB1) 5 VPETEMH DM H

VPEILT VARV I VHIZEENEBFZ V37 BRBE&D T av v
ZITOBERE LTRH &N, E~REHE RN OVPED BEMIZSWT
R EFBRESER CHROEZIT-> TR & 25, VPERHEEANO T
EHERIRICREL TWA Z LY, BFHIRAOKKE THBELTWS - L




DSBA B 2sNC e o7, VPEIXRIBRIK Y LRI H DT AT X - BEOCHKIER
DT TETHIN, THERROTa 2L U I BRERERCR E VTR
EREOERRS RV EORRBILOBRERTHRE-ISZZEBBNATVS,
VPERFEFWVWbhW A FEIRE TSI TR EEBRETERELTWANE I 2k
BT 5728, ARNTF FEERE LEEERNEZ T2 25, VPER
MR & M ORBRENORE I X 1) . Kk, YuAXFX
FhE 3TWROEABROFE S OREFHEREIN, Th bOFESRENIC
DWT O D, FEEEICRET IR L RXERE ICRET HSREHEH
IZPNA T ERRALMIRoTETNA, ZORRY, HEEEZENLRH
SNFEVPERREBRE CHLEEL TV I LEXHL TS,
BERE % I\ 2 VPEDTE L FE BB IZ DV TDARHT
bvflFOREEFEMESEIZ LV VPEREBROA R LPF 2Ry
MEBRETDZ Lo Te. TUrARVINVIRETFY 30 BRiBk%2 %
BIZEHLTVWANR, HEELET VARV LA TIE NS OFIBRED R
IR bRV, ZOREEMND, T ARU I IVHILRTET A VPEIIARENME
BFEEETH A LB AN (BX1) . REERAEREOHEEIIVPED
cDNAZ AW ARIT 6 b XFF & h, VPEDORTEM R ATER (K % 7EMER ~ 258
TAHEMERRPEDERANTELD L E2RBR LTV,

VPEDTEMEREBBIBIC OV TS L OB CAREORB YT 1~
& A, BEROBERNTAREM,ZVPEREREN BESBEE ST, £ U-RE
EMBVPEEEEZRF D Lo . BROBRAT T 77— D 1-5Th
DANREF L RTFZ—LYRIREILT 285 ¥ o REDCHIBATHW %
VT, BRBIET 2 Z EBMbNTWA., BEMMNIZ R S8/ VPENR = D
ANRKFX I RXTFEX—LYRIBREZ b T oA Lzl b, BRERAT
LVPERTEMZ RS, BELTWAZ LRI RE @3X2) .

VPEIXE DcDNAZ AW BT A B3 NI REZEENABEM DY 25 A
Y7aTT =B LEIRENRERD, FROVATA AT T —PTh S,
IS L DOTERLEFOT I ) BEF & VPERER P BIOT I ) BES) &
DIEEND, E-VPERXBIIEA F A= b3BEDL R T A L ARER




10FB D AF P UBREZBHRLMIFOLENTFREIND. £TZTIh
bOT I JBEBEY VYV UREIIEXERZ N ERFERIEL LD
5, VPERIBRERER T2 OHCTRESMMBIES 59, VPEEHEBRHEL
ot TOZENDL, BETRAIETLVPERRIEBATHRESHIZ
LT OEHEERTWA Z LR AN,

Zh o ORI, YO~ S LT E 7 VPEDRTEEED B C AR
FNCTEME L &, ZOFEMEAIBRNEMOEKR Y 37 BORRBLICEE L
TWBENI W R — FEROFEEZB AL TWSD . ZZTHRII L
FHI CTORBRR L AVZAITICL Y, VPEIZ X DHBERY X HORK
BALBRBROEBOBRENZOWTHLMNICRE Z L BHFFEINS.
FANRSEVBIu T T —P(AP)OBKY N7 HEOBREBN~DBES

BERTIITeT A T —PARINEAXF ORI FF—EYZII LD LTI
faF R HOBBCICEE L TWAEBZ 6 TWS. rTFAF—FA
LB DN T T o DEFRMERT T AT E BT 0T 7 —E (AP)ASHE
WY X7 BORBICLICEE L TWANE I RTS8, b~
F22H48kDaDAPZFERL L7c. FRIERIC AT MEZRRL, Tohkr
AVWTHRRAOREERVEFOZRRI b RBFLERMICBIT IBRROLE
EhE2 T, EORER, APIXVPEL FEEkIC e vfEHlROERAIZ/EL,
T OBERENTETORBMITEML, BIFEERMTITIEO T L23H-
7o, L UBRVPERT VAR 7 VHNOBEOFIEREY 2 B 7ot
ATHDITR LT, BHAPIC L - TiE, FoF o780 a7
ZBirhot (H33) .

ﬁ%ﬁyﬂyﬁm1of&5$7»7sy@ﬁﬁ@ﬁ20@?x£§#&
BEDCKRIRU TVPEIL L 2 /a2 F3 2Lk, 25047
o=y MZahhd. BBESTALT I v o—kilE L iiERE&ED 7 I ) BEER
Pl BT 5L, STNT I RIBREITRAR & L3 BHITIXfEE L2
TaRTFRERFOZLEBHD. STAT I VORBILDOBERT, VPEICL
DTAEVIRIZIDEI R aRIF FOBERLEL 2T 5. =
TTRBLICAPIIY B A XFXFBT LTI D7 n_RTF REFA 2B




I CHIETT AEEEZ O 0D, APRT uRTF FOSREBREFIToTW
BEEZBxbhic. LEDZ &hb, iy 37 BB KA TVPEID
LE—BEOTaEI e, BIAPKLIVED I uXTF FOLHE
PREINDZ LICL o T, RBREIIE#RIND Z EBTFREINE.
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BPB
BSA
CBB
cDNA
EDTA
ER
HEPES
IgG

kb

kDa
mRNA
PBS
SDS
SDS-PAGE
TBS
Tris

i 7

: bromophenol blue

: bovine serum albumin

: Coomassie Brilliant blue

: complementary DNA

: ethylenediamine tetraacetic acid

: endoplasmic reticulum

: N-2-hydroxyethylpiperazine-N'-2ethanesulfonic acid
- immnoglobulin G

: kilobase

: kilodalton

: messenger RNA

: phosphate-buffered saline

: sodium dodecyl sulfate

: SDS-polyacrylamide gel electrophoresis
: Tris-buffered saline

: tris (hydroxymethyl) aminomethane

TOM, B, T3/ BOME L LT-XFRERI=LFERLY
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BEMEDORE, Bo) vy —AtdlkTELESN, £{D
AT HEERZ G0 EAURSNTER, BEYWHlahOAREEY D5
BETIANITRATCHALEZLNTETWS, L2L, EBIIIE
WIEHRBRErH- ANV T X T TH Y, Mk, SHFECHDORE
BIFICE o TEDEREZ RS (LB SEIEN MR TS, $TY
EFpoWlE, ¥y 7 B EBICERTALEV Y, SELiIe
CHOBEELBIMICOARET L, ZoZ L2 oMMl
I — R DOIRRE X IR T 2 -0 DT O ET IR EEATY
HEWR L., LTICHEYoOREFHlaIcR oo o EICHFET %
BTy 2 BREH0 7077 —EBiZonTHiBIZEAMAL TwL.

BIORHR LTSS V37 HDOER

BRI DIEDH L 6T, FANERT HTOORKERLY BT

YA, COMTORELFEYEOERICHT 2HRE, AHOR
HEREVIIRELBO TEETHA.

MR EE, N6 2A0LEEIrOMEINTBY, FEYY
DEM ) BILOBR BBl EEIHTAZLICEIIEZ S, &
DODREADFEZIIFEICL > TRKELERY, A 72 YyEDOY, BX
DELERIATEFLELEHDR, YA X R EOBIEIHMMETICL 5D
DAHLH. FREFETFTEIRAVEESBZEL LY, ZhicFr 7Y,
FRIER TS ¥y B tcihte. —HERILEF TR IZ 5
ELZICHBL, pbo TTFENEREELL A,

CDL) GRFONBHE ICERMSINIBTERY /37 BIZAH
IR LOEWIIE>THELREFFETH D, S LOMEENTET
Wa, BTy N7 BRI EOREILL4DDTV—F, KEB®T VT
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Iy, BAaER s Ty, Ta—-LVAEERETOT I Y RUERE
X7 NVA)EES VT VI E A (Osborne, 1924; Shewry,

1995). FoevD) iR ENDEY V2BV 7 F A ETH
ICER L TWA (Lord, 19852). M6 DFET¥ Y X7 HOEROEY
BoTwaANT42T L LTERYPOFEF VLW LIFEHEICTET
L vRFABRLNE, TO054 Y RF 4 ZHABECHI AV
AT, MALGHETY N2 EREL T\W5 (Hara-Nishimura et al.,
1982; Higgins 1984). AN OBl CEGRINLHET ¥ 87 H

DR IZEN G, 2BRICGHEI LTV S,

Hila & > 2% 7 E O $l B A #6155 & Uprotein-storage vacuole (707 A >
RT4) O

BTy N7 BI3ERENS L, ELFERNLZBITICmnTWwWEZ L
o, fFy NI BEEEFTMILT, MRATERESNHIS ¥
X7 BOWRNDEEREBICONWTE L OBV R INTEL
(Akazawa and Hara-Nishimura, 1985; Higgins, 1984). = L TZ NI E TIZ,
FORTF 5 N BOMBBAEED IV — F R ZDEFESEHTHD T
074 YRTAPRELFGHT2HY)BLIEFPHLPIZEINTVS,
12BR M 70 VRSADTOS I VTRITENI, F V80
TEBMLTVDIERPFRELAIIKEL Lo TWE, RERNIZEFDTE T
074 YRTF 4127 53546 T A(Burr and Burr, 1976; Larkins and
Hurkman, 1978). Tl — MIBEFEHYOALATHONTEY, Th
¥ CHRFEMP COHRE I L. 2O0HIGHERTEARSIN-HETY ~
INVREIFT Y AR 7 )V ERIN A/ 2l L Tl ¥ C#idh 3
BETHAH, CON—=PIALFVRADT 74 bATTNF =
(Chrispeels, 1983)%° % K+ ¥ D118 10 7 1) > (Hara-Nishimura et al.,
1985) £ 287 )v 7' I  (Hara-Nishimura et al., 1993a) XU <D 1) 3 >,
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118717 v, 287 V7 X~ (Lord, 1985a, 1985b) IZ2WTHILNT
Wh, ZLTIhLDY YN EFBRICERTHZLICL-oTT D
T4 YRT 4 DR S 45 (Johnson et al., 1989) . Chrispeels? 7" ) —
THIIFBREICRON, BTy N2 BEYERTATOT A VET
1 D% FE Y N BB O (protein-storage vacuole) & L, X
R, EEWVWoREZE DAL (vegetative vacuole) & [X I L7z
(Johnson et al,, 1989). L2 Lt + 4 Xy Ko ORmHRIC S
protein-storage vacuole & vegetative vacuole ¥ 74 45 Z L AR SN
(Paris et al., 1996). & b IZBEMMPOETHILIZS, ZD20DHEA
HETLHI - TET.

LR D AT B B OF B A E A

BALDZEAEIZDVTIX, ZORRFTNIETH L LV H S —E
13dH B, —MKANZIZERD HIRAET S & ENTE TW 5 (Okita and
Rogers, 1996). L. N7 FHOZHMH oML O EHEEZES, S, ERH
k&EBEOLNLEROBEEEERDORIZTETF Y7 EFEE LD TV
LB, ZORBEMEDEEICL > TE L EE 2 6N Aprotein-storage
vacuole?’, # VNI BEHEZE R L TWEWHEZELY FHA TWA{EHFE
¥ 65 (Robinson et al., 1995). i, € O P O HBL Aivegetative
vacuole TH A Z L A%, JAY VN2 HOHMEN S LN o7
(Robinson et al., 1995). = O#EFITHIZ, BRI OMT-HA S IZ132
MBEOWMRPFETAILER LI L W) ZIF TR <, protein-storage
vacuolelZ iIvegetative vacuole & U ) JA A THr 3 45 H EAEH BEA i b
2 TWVAH I L 2Rl L7z CIER ICBBRE W,

BT VY - APHRBARS OGO E L TERI LTV A,
FIREPI R 22 HL Y JA A 72 B £ @ (autophagosome) (3K REE S % &
ORI FY — A (late endosome) L RBA L THIEI) Vv — A L7
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D AR DDA IT ) T EHTL S HH L TW A (Seglen and Bohley,
1992) . F 7z, HUERREBICBANIBRORRBABEARREZNY AL S
EVESN, TOERERICHEbARIETFIVEEE, @ircho0d
% (Takeshige et al., 1992; Tsukada and Ohsumi, 1993; Baba et al., 1994).
I LT, BFEYOHROBEFRIZOWTIE, JALALNT
VRV,

L2 L, WA T MM S 2 ma s of Laihidz o
ZORIYSH L. PIZITHEFPREFTHRTHY, MEINRILT 50
Th), EPEPGEILTHIRTHS., 20L& RICHRARNEEY
DB LS HOBER> TWI2OFRRTHLLEEZLNSL, 0
£ oA HRSHEERRZRIET 20 DICOVWTEHRERD
FATICE VLM B Z LA HIFENS.

Y EREANCHEFY NN OSBS54 A 7057 —+

T DOFEIFRF IR T HBWAKIZPE S T, protein-storage vacuoleld 7.\ (2
MeEL, TMLTWILEFY NI HEZSHBLDD, K& Zvegetative
vacuole~ & B L T { Z & AR E N T 5% (Hara and Matsubara,
1980). FEFICEZ ONA-TF&¥ N0 B, BTFoREFk, £ETA
CODRERE LTI, MWES T REDSTTREIC R S
ETOLBEATTRDERTHA. HRADW 29D TaFT —EH
COWFF YN EAOTEREICTHEERRAT 22 LMo Tn 5.

BF5 N7 EONRE, BERREOBVWLY F7u77—EiC
Lo THHRORETHPO1HESL. £LT, ZOHRTELATFF
PEEFREOEVWLY FRTF VLR VPLFIRTF ¥y -l &
STTI/BUVRNVITHHEN, BFLERDY Y37 E LTHA
ENb LEZ LN TWA (Shutov and Vaintraub, 1987; Callis, 1995). =
DR TORFICMEDRESHFEIT) LY FRTFF—EilonT, 7
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17 A ¥ KT 1 (protein-storage vacuole) ICFET A L HLHWVITED
EHEIEINE T & o X7 HOBLHBRART H LV ) 20DFEHEITFEY
TAHLDIZOVWTRARLBNTWS, FHALAFOTOT I YO RICH
bbbV AT A 75 T —+- (Hammerton and Ho, 1986; Koehler and Ho,
1990) RS ¥ A X ya7) v o5EIcELs L) »7ur7—¥ (Qi
etal, 1992) 3ET-OFEFEEE L bICEEEEML, FEFs 0K
DUROMESEEITI ZEMWRENTVS, T LTYNNOH
F5 NI HOSRICEDbAER IO T T — Y ERP O Il E
DIETHHET I NIELEDIITOTA VETAKXHFET S
(Belozersky et al.,1990). ¥7z, A XA DY ATFA v 7Tusr7—¥A{rk
Y —HHFOEHRMNLREIRL TLAZ LHHEINTWAS(Kondo
etal, 1990). ZDZ ,9s, BT N7 HSRIIADbATOT T —
YOFEMRBHOFEHIIA Y ey —HEELTnEILDIFEILNS,
CDEHIBRA ey —%IILDELT, BFEERIEIETFF
7 B OS5 RIEERECHIRBEONRA L RIETHET 2 T TIRZ o T
WAHIZHERWRW, LALEDOEBICOVWTIRBERLMICE>TWY
W, ZO—HTERPOEFHICHFET L2 —HoTu7r7 —EHH
F5 N EOEER, TORTHLRRFBEICGEZ A 70Xy Y 7ICH
545 ENRENTEL.

By o\ B0t axy v VEE

fi Dprotein-storage vacuoleNIZEFEL TV ATV 7 I s 7)
¥, VoV onTiE, FODNAD—RKIEEDFIHT L & 37 DN
Kim7 I/ BRECTIDOBN A5, 8RR 7 0 BIRTSRIKR A & AR
I bHZ EHHS DI - T &7z (Hara-Nishimura et al., 1993a, 1995) .
RIERR Y DR BHZGHETOX s v FIZonT, ken) v
(Harley and Load, 1985), #:KF ¥ ®1182° 17 71 > (Hara-Nishimura et
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al., 1987), B<®™11S7 107 ")  (Hara-Nishimura et al., 1987), ¥ 1 X
D7) = (Scott et al., 1992; Muramatsu and Fukasawa, 1993) 72 & @
ERAZ YO AT 2BEI DL ICHITSNTE L, ThIIHLT,
behbERENNST a7 VEBRED T a kY Y T RAT ) BEER
M, USFa T YUNOMOTELF Ny HEATH) ZEDRENL
(Hara-Nishimura et al., 1991). SO Z & SBEHOMET & 237 H DR
PALE ORI T ZeHL LR Y, ORI T T
¥ Z'BE#E (vacuolar processing enzyme: VPE) & AffiF b7z, b=
VPEDCDNAZ U — U HHE S h, Fhix Ay irbhn/z#R,
VPEIL/%/%14 (Cohenetal, 1986) %2 I LHETHIINA T 73—
KBE L WI Lahh o, Mi—b MIZATAHEMIEBOHE 7O
77 —+¥Sm32 (Klinkert et al., 1989)  #H[FEA R 205, O ¥ A
TA T TrT7T—ETHAI LEHHLMNIZ SNz (Hara-Nishimura et
al,, 1993b). BEHIO 7077 —EDIT L A EVARIEHRIRTRAEE LT
AREN, BALDPOEIBICL > CIEMRIET A EARENTET
V25 (Neurath, 1989). Z L & [A4fIZ & ¥ VPEDCDNA % H v 7z 4T
(Hara-Nishimura et al., 1993b) & UFSm32% SO THEH & & 72T (Gotz
and Klinkert, 1993) 7* 5, VPEDA{GMEEIFTERAE K UF % OG5 BLHEHE
DFENRRE SN TS,

FF I ADPOCOMEBEY WL D, VPEXT7 ANTFE
VRN FRTF V- THAHI EAIRENT (Abe et al,,
1993). fEF ¥ X7 HAuiBk kD Tt v FOEAEDS, T AINTF
BREOCKHUTHLLDNEIFLAELTHAS. #LTHFOTOLY Y
TOEMITHAEDOEHICBEL TS, ZDOZ Ehs, FFsy on
7 BATSRAEDFRIICER L TWa 7 A87 F UKL 2 VPEASYIIT L T
WBEWHFETF YN EDTa ey 7 HREHIRE & N7 (Hara-
Nishimura et al., 1993a). 2% Y VPED 7 AT F U HFRA T FR
TFF—E¥T, BETEILTANGFUERENKDNEZORTF
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AR TELEVIEZ S THA., ZOEZHINAEEDHL
Iz TWAFFIADI Y HF N VAR EOEREIZIZT A/8FF
VHRERIFEAL LW ERRETTHEEL IS LTS N7
HITHREVPEICE DA ELRTF FICETAHBEEINBLEV) T END
TRINE., COXHJREOHETFF NI EOBEILIZ, VPEIZ X
A7y @ botEZOLNE. T, ChEiFFOTOL
VU TDRFRERCRE VS REREOWMR Y YN BOAGHE
BIHUBRIAZLEDIREINTNVS,

Wiy 7 BORBEE~D T ANT X /87077 —EAP)D
M5

T2 NI HEDOPTST VT I VI3 EFDOESRIZOWTIR D BT
PEDOLNTWEY YN ZEDI LD 1 2THA,. ThFEFTIIHES
NTWBSTIVTIVHTREINTVWE2DODTANTF U/ RED
CHRMBITVPEIL L 570t e, BRI RBEEZLN
TVyA (Hara-Nishimura et al., 1993a). L2*L, 77+ vV dD2S7T
WTIVR, 220D b—FHDT ANTF U/ REELRE, BRIy~
N7 BE BRI RWIRPEAO F FTHEET A LML TW
A(Sunetal, 1987). ¥7z, 04 XF XJ (Krebbers et al., 1988), F
% % (Ericson et. al., 1986; Monsalve et al., 1991), €< (Irwin et al., 1990;
Sharief et al., 1982), 77 ¥ J)VF Y (Ampe et al., 1986; Altenbach et al.,
1992) D2ST W T I YRISMKIE AR Y X2 D 20D 712y
FORICKRBEBIZIIR O 2WTuRTF F2ED., ZOXRTF FiX
Bl 77T —BilloToHEhbLEz NS, HTFY 5
BOESKEDBETVPEILL AT ULy v 72K T OEBROKRIE
PLBELLZ ST HLEEBDLNED, FMlEETIZ IR TN,

BETIE 7074 T —VYAPINEF o RTF¥F—EYZ R Lo LT
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LRy o7 BORPALICES T 5 L E 2 b T v S (Ammerer et
al., 1986; Jones et al., 1982; Woolford et al., 1986). ZD 707 A F—+
ARENID A T 7 YDEREMD TR T T —ETHLET ANTFVRT
0757 —ErEYREFICLFET A EPMESN TS, (Bond and
Butler, 1987; Sarkkinen et al., 1992). % 7=Runeberg-Roos et al.(1994),
Paris et al. (1996) 5 I 3REBHBE LR EI2LY, AFLFDT ANTF
YERT U T T —EARERLROMNL DN protein-storage vacuolell /)7
ETAZERRLTWS, ZOIENLAPHHILY /X7 HO#YL
IS5 TAZLTHEZLNS,

Z I THROBFE TR Y ¥ 37 O RA LB OV THS
255720, eXHETFILAPOREREZITV, FOWHEIZDWTORENT
PHRBERHWL Ty Y VERET o, FLINEFTLT
E YVPEIZDWT & vHfHfa T o REN R UCHY il —ik To
VPEFEUDFEIIOVWTIRE Lz, ZLTIhbofEEEICe v
FHRATOWBILS 37 HOBRBAAEE 2B 1T 5 VPER APD &
IZDOWTEELL., 5L TIIREBMAE CVPEDRIMBIT 2TV,
VPEDEWRBIBHEICOWTER L. 0L Lnic Ly, Y
HRIANZ BT AVPERAPDIEFEIZDOWT, ELIZFNS DT LA
Wil DB R T E ORI OWTH -2 2 HAPE L NEENT
H5b.
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BHELR U535

Protein-storage vacuole (7’07 4 Y K7 1) D HEER U4

Mk <HET L V), Hara-Nishimura et al.(1992)D FiEIZfEW 7Y £ 1
— W2 X o Tprotein-storage vacuole ™ Higf L 7=, xRV cizE b
~HEF5gll8mD ) tua—vEMA TV Y ¥ —T2 HBAES A
A L7-%%, 90,000 x g (Beckman, JA-20, 15,000 rpm ), 15 CT15 4/
1> L7z, Protein-storage vacuolelIFEF ICHEE DT VAN T H 7 Th
A1z, F)Eea— VAETRLTAIEIIEY, HOFNTET LY
SHESNA. LB L L TH S N /zprotein-storage vacuoleld 77 1) 10 —
WADBBBEHLE2EFV BT LI > THEL, Ri%FEme
L7z. &5 ML7zprotein-storage vacuoleld JEEFFAMER I L A Bi%5T L
marker enzymeDVEMHEIEIZ X D, intact THED F VI A F LHilaE D
HBREFORBITCARTHDL I EHFTRENTVES, ZTHIZI0mM
Tris-HCI (pH 7.5)% 1 mIfj 2 8% L 729%, 100,000 x g, 4 C 205 fhiE
GL, o biEE~ b 7 AW, KBEEEEET Y V7 KT
HHUSTTT) ORI YAy 0L FEGE L.

APK O°VPED K #L

APD %X Sarkkinen et al. (1992) DFEIZHE, RTAYF A-T
HA—AEHWLET 74 =2574—20< 7574 —FETiTo7. §
IR D F5 % T b M /zprotein-storage vacuole® < b V) 7 AT 43250 mM
sodium acetate (pH 3.5), 0.5M NaCID/Nv 77— %Nz, =L TA
BEHEBTERWTCHEIIRTRAIF VA THO—AH T AITHIT.
717 4 %50 mM Tris-HCl (pH 7.5), 0.5 M NaCl ®/%y 7 7 —Tiko 72
& & 50 mM sodium bicarbonate (pH 10), 0.5 M NaCl /¥y 7 7 —Tia
H L7z, VPED#i3 I Hara-Nishimura et al. (1991)®D 56t - T, [A
L < protein-storage vacuole® < b 1) 27 A W4 % 5K & L TiTo 7.
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APD ¥ 37 B ONKY 7 I / BRECH) DRTE

HiBUBEF1ISDS-PAGE (15%7° V) KBTS VD ¥ X7 Hx
ProBlottfi (Applied Biosystems, USA)ICESABIICERE L7z, APOEH 7
2=y MIAHYT BN FE2YY L, peptide sequencer (model 476A,
Applied Biosystems) CEdmans3#2fit L, 7 I / BRECH % dhoe L 7-.

AP O'VPEIZXJ 3 4 FFEPUIML i O iR

APRUVPEDAFEUIHIA L72@ ) (12T o 72, BHMRBEETSEOD
complete Freund's adjuvant& & C{RG LIL&ILLZz. ThzHibEL
LT FIcRBEMELLZ. 10 HORBRE/ES 6 M3EM &I
incomplete Freund's adjuvant fl\vxC2[A B O%EKE, S HIC£D1AE
%230 B 0o REEEZIT, ZOLEMBICRNLLZ:. — K TIZAP
& UFVPE & maltose-binding protein & DFlE ¥ » /37 B % KIGHE THHE
&, T&7/¥ Y7 B %SDS-PAGEIL DT 7. IKE)EO T V%
Coomasie Blue R-250TH«ta L, #4353 Fx YL T, D
HETHMER EAT o 72, MANKF I RTF 5 — ¥ (CPY) HilLikid
WROHMBEAEN STAEV .

SDS-PAGEM USA4 &/ 710 v R#T

SDS-PAGE(¥Laemmli (1970) ® SiEIZHE L TiTo 7. & 237 HhiHE
(X BUBEHA L (2% SDS, 50 mM Tris-HCI, pH 6.8, 5% 2-mercaptoethanol,
0.1% BPB, 10% glycerol) ([Z8&& L, 95 C TS RIINSAMLEE L, #kEhHIC
Az, wkEiE, Vo s 282 G % Bumnette (1981) D EICHE L
TGVHPJ& (Millipore) IZERMICEE L7, BRI FIFA4 44
TDEE (ATTO) ZH VT, 2mA/em’ TIEERIT-> 72, Hi{ADIERER
AW % B e, T DR 5% (wiv) AF L I V7 % &8 TBS-Tween
{&HEL [S0 mM Tris-HCI, pH 7.5, 150 mM NaCl, 0.05% (w/v) Tween 20] 7
TIFRFE 70y 37 7L, BE%TBS-TweeniZ i CI155 M 1[E, 55
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2[al % L 72812 £ L ENOHUIMLTE % 100015 5 5 50005 H U & 4 &
HNTINZ CIMRIRE 9 L7z, 2D, % TBS-Tweenia i T15% i1
[, soE2RElgkE L, S000fEAaRotEAf Iy It F L F—+E
kAP Y FIgGHifA (Amersham) % & € TBS-Tweeni #iH T304 il 4z
9 L7z, JEETBS-Tweenia L CT154-f1al, sof2EEkE L2, |1
SEBEBERPTIRE ) 387, BERILSEZIEL 1080 6250 BX
BMIANALEMEELBIIXBE 7 NVARRETAZ LT )&
(IR R A ALY Y- A RAVAE - &3 1i:] DY A

In vitro TOERAD TRy Ny o T7awy 7

Hara-Nishimura et al. (1991)®D 124> T, B# ke I
TRAN™S-Label (5L 1 2@ 72 1) 1.9 MBq ; ICN Biomedicals Inc.) % # -
TIEEMASNVAS XNV L. #0HBI—NVFDI0OmMA T+ = Ry
ATA VEBERTIERFL, KTELEMEKDO LICIHBNTTF =
A A L7z, DML % T &ERE# (150 mM Tricine-KOH, pH 6.5, 1
mM EDTA, 13% (w/w)¥ a#1&MA %36 KETHI V) ZHWT
ML BEHL, ZOBMELZIBOT—X¥TEABLAHE, NlfkEs
VaEEEARBRICER L, AL o —¥—%HWwT4 T, 60,000 x
g CIEFfE.0 L7z, EREj4 &R E S 2B L T, LA TF®in vitro T
DTy TERICHW, PSTIRNNVENTEFY V387 HRi5R
kA& F TV AERESIVPEE 72 12AP (504 mU), RIS i
(0.1 M sodium acetate, pH5.5, 0.1 M dithithreitol, 0.1 mM EDTA) % /il 2.
T37 CTS5 P 6300 e 24T 72, FUSEE#F15%T7 2 I VT I F
7% IV TSDS-PAGEIZf L 7-& &, Bio-Imaging Analyzer (BAS
2000; Fuji Film) THAT L7z, SRTERA R USBIL ¥ > o3 7 BT RIEL
ERSZDTTFEPHREL.
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APIZ & B BT T F DYWL D ke
YOARXRFAXFESTNT I V2RBEDTOLL T AL b El
TORTF FESOBRI %2 D & IT187 I /BEREN S L HERATF
FLE-18 (PSLDDEFDLEDDIENPQG:; Krebbers et al., 1988)% X7 J- F &
i H¥ (model 430A, Perkin Elmer/Applied Biosystems) T4k L7z, 100
nmoleD F L7 F FIZH 3B F K DR EE 1 (0.1 M citrate
phosphate buffer, pH 3.0) # iz, 37 CTI00MIE & T2 72, RUGIC
Lo THELRTF FEF ZHPLCTHEEL, BoNn/ K -2 DO
DT I/ BEALEK & Hitachi 835 Amino Acid Analyzer CH%E L 72,

APD 7t v FiEtE okt

#'E Td 56 nmole DLE-18|Z AP % & Tl i K UF BN 7 ¥4 H2(20
mM sodium acetate, pH3.0, 0.1 mM EDTA)# fill 2 T37°C T104 72530
SHRIEEITo 2. RSB F v ¥ 7 ) —EX KB (model 270A ,
Applied Biosystems) ~~30 C, 20kV, 10 mM sodium borate buffer (pH
9.0) DEMTH T, 200 nmDPEEETllE L7z, APIZLE-18% #HE D
P A FTUWT 5720, FUSHEPINLPSE TOS5EKD Y — 27 2% &
NaH. ZO)LPR2EFEE LT, HEIXA 7 0ENZ15MICHIE
ABEEHT1I=y P& L.

cDNAZ 0 — > O B & 3G IERCH D Phoe
cDNAZ A4 77 ) —IdMori et al. (1991)D HEIZHE- T, BI#H KT

v FHE X DI L 7zpoly(A) ' RNA K. IS X 7 # —pTTQ18(Amersham) %
AWTERLL., AT TIIHEESN TV LAPDIEEHLETFHEIR
HBRFSINLT I VBEN b EICH)TX I LEFF
5“GATACTGGTTC(GATC)TC(GATC)AA(CT)CTITGGGTICC-3'%# 7
¥4 L, DNAGHH# (Pharmacia LKB Biotechnology) T{LZEA L L 7.
14



B TR AT PETO—E LCano=—ng 7Y FAE—
aritkh, BRARF ¥ TEDNATA T -k A7) —=V
LT BohRY T4 720 —VEHWTRIZAZ ) —=0 T %
BHORLTERRE0 70—V % BBEL /2. cDNAA ¥ — b &l
BEETHAILLTRZ =it 7 70— L, ThaEREEHIHkEIC
ftL7-. $EFERCYIEDye Primer Cycle Sequencing Kit (Perkin
Elmer/Applied Biosystems)(Z & o TR & 41TV, DNAY — 7 L ¥ —
(model377 ; Applied Biosystems) % F V> THEAT L 72.

TSRS

AE D ERII Nishimura et al. (1993) D HEIZHE> TiTo 72, B#E
< IRFLAHLEE % [H % # (4% paraformaldehyde, 1% glutaraldehyde, 0.05 M
cacodylate buffer, pH7.4, 0.06 M sucrose) T 1 Fp[H] /L& ZULH L 721212
I mmAL T L, $ILWEERTS HI2FFHAEL, JXAF
WAERNALT I FiREABRRIICE D20 CTHRALZ. 201,
(ZLR-Whitef}lf (London Resin) |28 L, &/ HESEE (kA
—Th) FRAWCERSER. ZLTC, 370 b—2TCURZ/AERL,
=9 M)y Ficeo bl 270y X7 (1% BSA
inPBS) TZiRTIFFMHMLIEL 728, 70 v ¥ ¥ 7 TS00EHRL 72
FHMiE &4 CT—REE &7, PBSTHEE, UHhE7oy x>
THRTEFH M L7054 v A—€30 4 Fiff (Amersham) TR
T30 MB L7z, R BZEEKTHREL, 4% BEEEY 7 > L 7 = VR
fachv L, RAEHREAAEFIHEMIE (JBEOL 1200EX) %ML T
80kVTHIZEL 7.

BB R UBELLD Y X7 O

EBMEBE L LT, YFY, 3FF¥, ax, ¥4ARFKY

LYo Bwvi, B v IEF0I3 19924 & F19934E 12 T TR
15




FETHEF SELHEME L DB BROH (A7—1) BF{E#RISH
5208, BRG] (R7— V1) IZBEHR25H 25308, HHRGRH]

(AF—V1I) BRTE#H3ISE» S4HDOEFE2RT. hEF¥, 4%,
A XBPEFROERT L VY IEREIIRS TEE SE/HEYE LY
B, BFev~, HRFHETFORIL, BEUEEIIEZERAET 2 ik
M C—IEEK SR BEBESEIN—IF 2T 1 bpiciEE, 25 TCHRET
THEESE-EWAR L VB, Y+ ) I3k LofT25 TRT
THF S ED SR U % 1572,

AR TFIEIZ1gdh 72 D2 mlD10 mM Tris-HCl (pH7.5) =Nz T
KEDHSETTHOR LA, E#h, |, AFEL1gH/200.5~2 mlD
0.1 M dithiothreitol, 1 mM EDTA% & €r0.1 M sodium acetate (pH 5.5)
MR THKLEDFHETT D OXR LA, BiE%E4 T 20,000 x g T155 =
O L, BOEFEZ SSIZAEOFGTELLT, o LiFxr s »
N7 B E L CLBEOFERRIZAE L /2. & 37 HE T Protein
Assay Kit (Bio-Rad,USA) % FI\Cill5E L 7.

VPEH D 5

VPE{H 4 ? | 52 X Hara-Nishimura et al. (1991) ® 5 #EZHE - TiT o 7=,
HRF v DOFEBEHFY N2 HTHAH11S7 0 7)) o7 0 BIRTERE
YyyNNPBETHARTura ) oo I, v EELT I/
210582 (Ser-Glu-Ser-Glu-Asn-Gly-Leu-Glu-Glu-Thr) 75 7 5 &%
7F FING-10) % FEE & L TH W72, 20 mM sodium acetate (pH 5.5),
0.1 M dithiothreitol, 0.1 mM EDTA% 5% %%y 7 7 —i1124.5 nmol®
AE LML EMZ, 37 CTI0OA2 5630 S RIEEE, F¥ET ) —
A UKE)(model 270A ; Applied Biosystems) 30 ‘C, 20kV, 10 mM
sodium borate buffer (pH 9.0) D TH T, 200 nm DG TilllE L
7. VPEREHTHLEWRTF FING-10)D 7 A3 F U RILDCHE
Wl ORTF FHEEGDOA RGN T5. ZOHE, NG-10ihb->TN
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# ¥l @ pentapeptide P1 & C ¥ il @ pentapeptide P2AAEL 5. Z DP2
efeEL LT, EI1-A 20V EISHICUW T A BEREEZ 12
= Bk s,

B VAT b O L RO R H ik

[EAER (S&ccharomyces cerevisiae) D YW23-5A (MATa leu2 ura3-52) &
YW7-6D (MATa leu2 ura3-52 pepd-3)7 7 ¥ WE R KR H Wiz, B
BTORBEANT ¥ - LT, BBEERURBREO Y Y PVART7 ¥ —
pYES2 (Invitrogen) % F 27z,

BRESEILT A 75 — X0 Bl L Z-VPEDDNADIEERCY & &
12, BT N2 BGOSR UPwWIOERES = &84 ) TX 7 LA
FF, Bvid#Eika F L ORS R UXhol DRR#AIN E T4 T
X7 LAF FETHA 2 L TDNAGHHE (Pharmacia LKB
Biotechnology) C{tF A L7z, AV IX I VA F N2 T4 <—
ELTHMAGHE, VPEODNAZ SR & L TPfuDNAR ) X 7 —E

(Stratagene) & & b (ZPCRIZEL 7=, £k, & L 72 DNAWTH %
B L, PvullfUXhol THHIEL T2 ¥ —EFEL, KR EEEE
L7z, BEHERRMEO 7S A I Fa iR L Tl LIEZEARCY = HeRR 1L,
FE i DI BRI w7z,

7T AIF&Y TV IVERMEEERFRICTto et al. (1983), Schiestel and
Gietz (1989)D Tt » TIREERMR L7121, 0.002%7 7= ¥ 3,
0.002%L-+") 7+ 77 ¥, 0.002%L-tAF T 3E, 0.003%L-101 >,
0.003%L-") ¥ ~ % & {SDIE K 7 L — }(0.17% bacto-yeast nitrogen base
without amino acids, 2% glucose, 2% bacto-agar)|Z#E\V>T30 CT 2 H [
BEEL, 7T IWIEERMMET#BILL . 20 = — % Wadaet al. (1992)
DHEGE, 0.002%7 7= VI&, 0.002%L-+) 7 +77 >,
0.002%L-t A F 2 &, 0.003%L-1A >, 0.003%L-) V> &&L 75
74— AMAREE#1(0.17% bacto-yeast nitrogen base without amino acids,
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2%5 74—, 05%hHF3I /) ICBEL, MRITERIREISE
TAHFTIOCTHERELLEMBARL, LAOEEE-RDT 71/
—AEHFI b—R (5%) BWiEZVa—A (2%) ([ZEHEL-5H
(28 L C2RR RV I3 30RE R R L 7.

A A i i o 7R

T b= ABWIE TN T — AFET TAEF S AlREN1X10°) %
B L, 10 mM PMSF% & £ SDSZPEMR @ # H ¥ 721320 mMTris-HCI
(pH 7.5 T2 5 A ¥ — X (Sigma) & fI\V> THEER L 720 L, filitik
% SDS-PAGE % 7= |2 1&E il \ 2 fit L 7.

A el 50 T
B O HilRE 55 ] 1 Nishikawa and Nakano (1991)D /5, Horazdovsky
and Emr (1993)DJ5iEIZHE > TIT o /2.

ZRVPED/ER

LR VPEDIEH#LL, site-directed mutagenesis system, Mutan-Express”

Km (TaKaRa)Z IV TiTo72. 79 A3 FXJ ¥ —pKF19%id 1 < A
U UTMEREF EIDEOT UN—EBRABFESsTWAYD, [FFXE &
L CsupEtbk 2 I L 725 E I COABIED L LD, ZORZ Y —(C
EXYVPEZ 70 —=V 7L, BAEIZE > T—ABERR S L7121,

HHDOERZWHTEE L) TX I LA FFEAF <A ¥ Vit
BIEFLOT v N—%EREEB-ODLL 23y T5Lv—%[
BRRINA TN ¥4 X885, T, K 27—¥/) F—ERIGIK &
2T, T M LsupE/muSHRIZEAT A &, DNAZI AR v F
BEEZNZEFOHERET) . E6ICZIHh5, supBk TORIEIET
SAHDNAZERTHZLICLY, HHOLRIEASN/IDNAZGS
CENRTERS,
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HRIEACH DRTE L € Y VPEDCDNAR IR (D WTAH ) T 7 L
*F Fxalk L, Zh%{#-> TDye Terminator Cycle Sequencing Kit
(Perkin Elmer/Applied Biosystems){Z & » TRIGZ ATV, DNAY — 27 T
v —(model377 ; Applied Biosystems) % H \» TH#AT L 7z,
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T S

T AN X VEET 0577 —¥(AP)D & < HE Fprotein-storage vacuole®
AEE~ P 72 A0 6 ORsH

APDEERIBERTH LR T A Y F 2 ATEEESSET CIEHE DO AP
LM AR L, TORBEEIpHE LITAH Z L2 & o THHET A (Umezawa,
1976). THEFHL T, RTAFYF Y A-THO—AxHAW/AT 74 =
{T4—=—20< 7974 —12&bh, e~BFHEA»LHBEL
protein-storage vacuole® < k1) 7 AWl % HI3EME E L THRBEFZEOK
WEiTo 7.

ARS8 7 B % SDS-PAGEIZ M TCBBRE T o/ L 2 A, 48
kDak29kDa?2 2D/ FhARRH E Nz (M 1a, lane2) . SDF ¥
INTBIGERTTHIEINZ 5 L48-kDa¥ > /87 832 kDa 16 kDa®D 71
= MISEEL7: (Bl1a, lanel) . SO Z LiX48kDa¥ 237 H31o
PELRERULEDYVANT 4 FERICL o220 T2y +
LI ENDZ EZRLTWA, I HICH LT29-kDa¥ ¥ 737 11870
AAEMZTOELE Do/, 29kDath 7 2= v MASAPDT A V 7 #
—LTHHDN, 32kDaVr 7= P OFREW THAOIFREB 7>
¥, 32-kDaft U29-kDatt 71= v FONKIGT 3 / BREHI & e L7,
Z DR, 29kDar 7= v b ONEKET I / EBEEH
(GDSKDTDIVALKNYLDAQY) 1332-kDatf 7 1= v b D7 I / BELY
(DAFDTDIVALKNYLDAQY) & i3 % > Tw/: (F1b) . 32-kDat7
2=y PONKDT I / BEIX29-kDaY 7=y bO2FBOT I B
AN T 5. £/, 32kDatr 72= v P ONEKHEE L L2EHO T 5 =
¥, 3FHD 7 2= VT T = 1329kDatr 7=y P TCIIFEH DY
7, FED) VI EboTWi, ZOREDS e REFIEILIZIL2
DDAPDT AV T+ —LADBFETIHEEZLN, 612D ki
29-kDatt 7=y VAN T 4 FREESIIVLEL AT Bk r
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(a) (b)

P Hsmw:.rmvsmwssas GLLR-VGLYKIKLDP VESKDARILK 59
B um:.muum—mns: GLVR~-TALKKRP IDR] GI.SGGEE L- 5a
1 2 M Y LI.PL.ALLL?SI\NQVWH IYKHELSDEMKEVTEJIH :.cmt'ﬂ..: EK
.t kDa 29%Da
- —07.4 3dkbe
-_— 56 P AAFRKYNPKGHLGESSDTD £ B [fj.c- 118
kDa 3 B --LSGAYP__-LRSEEEGD 3 b iy sa 113
48 — - ¥ AHPEVVFSREHPFFTEGGH prisiga ¥}y 120
— 404
2 —-
gg ey e T 300
- —20.1
16 —
- —14.4

KHY rge L IDGE? rc::l
KHY N i DH.GD vuaxs
SKF _f:'.--;‘.‘ A L.;Di.‘.'!'

i awsmcnwmrﬁ-onmt.uszm%csomww a57

7 2 ‘g "“t GVVSQECKTIVSQYGQQILDLLLAET] CSQVSLCTE 352
i A 3 Sttt .- ittt s

P DGTRGVS EBMEMAGKSSDEMDGHCSUCEHT LHQN{!TKERTI NEL 417

B DGTRGVS RSVVDDEPVESNGLRADPHCSACEMA NQI-\QNKTQI)LI L 412

N e e e e e e e e T e -t o -- 324
P CDRMPSPMGQS, QLS

E CHRLPSFHMGES 5LG I.'|‘2

----------- TRD 169

513

508

405

B1. e<wHETFIEA>OHHLIZAP
(a) & ¥protein-storage vacuole?* b M L 7B % ookl = AN/ iKAE
(lane 1) & USETCAI & A 72 WiIKEE (lane 2) TSDS-PAGET%, CBB#:fe %
To7. MBPFE~X—A—%RL, FHOBFIT—I—F NI H
DAX & (kDa) Z78Y. (b) ¥ YEFE D29 kDak UF32kDa¥ v /37 K
DONEKIR T 3 / BECH L0, #FF v (P, RFE) , +A44¥

(B, HMF%E) RUEER (Y) DAPDOEF|E KB L . #ila~nsy—4
VT AT T NVTHHNPLRECFIE A F AFBEEDO_ETHTRL
e ZABIRLGNEYN, AFRTFyBEIGIEEONE., B=H 12
TFNRTF FOYHPRI S ETFHREINLME, A=HIT8RED
DA el 5 & FHINLUE, BHLIZAPOEEH.L, BIHLEINKEE
BIESK O MDA EFREShANELRY. HELZT7 I /B4
ATHA, BFUO7 I JEBREBHTIC L.
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WTWAIERTRBELTWAS, APOELZRET A1-DICNFEDS
KT ¥ DERTFHENSAPDDNAY O —= v FhfFo7:. Ebhi:
cDNAZ 1 — i34 &1776bp, 5137 I JEERED Y N &R a—F
L3dF—F)—F4 T2 —L2EATV: (H1b) . 2O
HERFXYAPDT I /BRI OFEQ T — N 2T o 28R, W RF ¥
BERIIHTHETH B 4 4 L FDAP (Runeberg-Roos et al., 1991) & 66%,
F% BB 32 (Ammerer et al., 1986) & 31%D A —{E A 67z, SRIFFEL
/2T APOZH T =y FONEKET I/ BRECHIE, A4 AFEEEL
DARFYERORFOFIHELML Tz, F/16-kDatr 7= v b
DNFK¥mIL € DONKNG 7 X / BRELY (DAXSTX, XIIRIH T & e dh o727
S/BDG, ARTF yEERABEORGA T A= H384FHDT
AT FUEBFREICHLT A LEDbNRS (M1b) . A KF v BEER
SRAR D —REEREDFFEL L L TINKEICY T VRTFREZEZ NS
PR SEIE AT, & 172, von Heijne (1986) DI IZHED & RF v BEE
ASARIZ25ER O 7 7 = OCKEBI TEIRR L FRIZY PV RTF
FoOUiziFsEEZ2ZbN5, SHLICEYHEBRONKRT I/
FRECY & Dl & A K F v BERIINA G R USRI 7 o fiidkx b
DOREfEE LTAREND EEZ LML, ©F ) BB IINARRR K
OO 7o E O % %17 T, 32kDak 16kDad¥ 7= v b8
TEHIENFRINSG., ThITH LT29kDatr 7= v bid32-kDa
Y721y PONKIT X /BRED 1 DRIO LA THW S h TA
La&ExbNz (F1b) . A4 4FEBERIIUMLRA O LATIC
NPLRECHI % 5, ZORIIDHILNOHREY 7 F NV ThbEELD
NTwvwb ([ 1b, Runeberg-Roosetal., 1994) . L2 LA KF vEEE
TRZOENZIR N o Tz,

AP D protein-storage vacuole N D J& T4 & OIS A B AF 14
HZRHE 12 B 6 L A protein-storage vacuole [ AV E TR T L4 LA
22




#7T, BFOBRAIHFCHRIFERLTTETCAILIREINT
V% (Hara-Nishimura et al., 1987) . & < Hfi @Dprotein-storage vacuolei
HARE LTEERT S Y37 HTHAH11S7 0T ) ¥ O kSR
ThHib71) A% uA{ F#u b D (Tully and Beevers, 1976; Hara-Nishimura
et al., 1982) . HEWFE T D APDprotein-storage vacuole TOFIEMEIZD
WTHRZ 72010, exflF2» o OMRERLHE L LTI Y
5Pk %GB L7z, Protein-storage vacuole* Bz b < HE 170 6 HEE L
SDS-PAGEIZ DT Z DHifkx iV TA A/ 7y MR E{To72EZ
A, BITHIO % VIREET48 kDadD XY KA E N7z (2, laned) .
C D48 kDaD /NN Y FIIHREERDO T FREE LI LR L, ZOH
HIZAPICRERMIIE LTV A EERZTWA. ZoOilfaix11sr a7
) Y OMEREERTHE 7V A0 FEFATEY, HoNnziig
EN—RA P SEELT AT LICE o TWHEM~ M) 7 AES EARGHE
7)Ar 04 FES (BESE2E0) CXOHTLIENTEDL. 3
b7z 2 DD 5% SDS-PAGEIZ 2T, APIIHTAHA L 7ay ME
WxAT-o728 A, APZRT48kDa?d /N FIITIEH~ MY 7 A W4
PoOARBHEENS (K2, lane5) .

S HIABEOMBNRERICOWTHRRSL 20, APRU11SZ O
7V T AR W TEREH O v BT O R EERBE 1T
o7, USZ U7 YR ENTITHEE~ M) 7 AEBR ARG
M7V A0 FREBEDIZHELTWAS (B3b) . ZHIHLT
AP % 7R¥ & H F |3 protein-storage vacuoleDANEME 7 1) A ¥ 1 4 F4EK
TRZCHBEEY M) 2 AEBUICRIELTEY, 14/ 70y MET
WL BRERE—FL (M3a) . D EOFHEDLSAPIIHET OB L
X EEHMT ¥ 282 B & LB IZprotein-storage vacuole 2 FFET 5 =
EWBRLNIC o7z,
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123 4
5% kDa

! ~97.4

R -66.3

ac@ @ __
v §

—42.4

—30.0
| —20.1
L _-8- | —-14.4

CBB antl-AP

X 2. k~fEFIEFLprotein-storage vacuole I DI EME~ b 1) 7 AHE 5
DAPDRTE

b FIEFL A 6 BLBE L /- protein-storage vacuole (lanes 1, 4) K Y€ D 1]
BiE< M) 7 AW (lanes 2, 5), a2 ) A& 0 A FEi4 (lanes 3, 6)
% R ICH & AN WIKAE TSDS-PAGET:, CBB4:f5 (lanes 1-3) F 7213 #T

APHUEIZ X A4 4/ 70y MEIT (lanes 1-3) 21T o 72. RIZ RCA & 1)

UV, GRUSYO T Y, SESTINTIYERT. AEOREIRY
—H =% Y7 BOMWK KR (kDa) %R T
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B43. ¥k <ILFLDprotein-storage vacuole[N DAPD JHTE

PUAPHUR (2) R UHLIIS 7 0 7)) ik (b) (2 & A B FA e < fliT-IfFlo
RIERMEIZEE. 72 AXY 7)1T arrowheads T/R$. VM, VC, L. Mt
ThehuffuulEtt~ ) 2 A, #RAEE2 )V A504F, VEY

F&T'4, R FarF)Tea. 2A=111mitThs.




HTOBENA» S EBFEEMICHT TODAPD Y VX7 BEDLE)
MFoOBRMICEFY v NV HOEARRUVERDV S HAITES
B, COBMOEBAIAMORETY 82 GE LB ICAPYRET A
VX, AEEEVETY o7 EORALICES T AWREESE L LN
b, FZTCevHTRHRAOERM P SRFERIMICBITLAPO S /N
2 LRVOEENZOVWTHRS (H4) . e~xflFofTs NI HE
(XPATER3040B BA T — VHIIHR D BEAICAER S NER TS (H4a).
APIZ, COMEF ¥ VNV BOER IV EORA T =T 68 L 7 (X
4b,c) . T, BFEAEYICIIZOBERRIEA L, F3F 2 HLE
R AHTFY NV EOR2ELSHRE R L TWz (M4b,c) .
CDERIZAPHYHET Y NI HOGHREVD L T LARALICE
HELT, BREAZREZLTVWBEILEEZRELTWA,

VPE®protein-storage vacuoleN TD {EM
¥ < fifi f-protein-storage vacuole H 4§ S W/ZVPEN M4 > 37 B
AR 7t v 7Fh41H Z LR E N TV % (Hara-Nishimura et
al., 1982) . 1EHHEF Dprotein-storage vacuoleJ TDVPED [FEMEIZD
WTRHHRL720, AR LFRIEeME L. APOR & [FfE
\ZHE KR v < -7 & protein-storage vacuole & H.BE L, TEMD~ M)
7 AW ERBEED 7 VA OA FESG~NEFEL, RBERIHT S
BRI THAWEA AL 70y MRTE1T>72. VPEIZAP L Ak
protein-storage vacuoleD ¥ b 7 AZ/HETAZ EHBH LA (K5).
7 FY 2 ATEGHD S S 7z Fi337kDa, 41kDaC, 37-kDa¥
YN EHIIHREBEFEOS TR & —3 L 7> (Hara-Nishimura et al., 1991).
ZD41kDa¥ Y287 Hid A A/ 70y MRTICAHV 256 % KBE T
F&B1 & & 7zmaltose-binding protein & VPE & DRl ¥ > /87 B IZxf 1 5
PEICEZ TH ORI BFEONZ., O LD 541 kDadD ¥ /8
JHEHOABEIIHB/LTVB I LAREENS: L2L, ZD41kDa
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MI OITO0 2 4638

(b) ,
anti-AP S -

I O 0 2 4 6 8
(c)

-—h

o

=)
I

@
=]

B
o

Relative amount of AP (%)
S g
1 T | G

I II I 0 2 4 6 8
stage  Dry days
Maturation ¢4 Germination

M4. v<HEFOEHLY Maturation) 7 5F2EE (Dry seed) & U5 HF4
e (Germination) (2227 TDAPD ¥ ¥ N7 BOZE)

(@) BAT— VO LB THINL6DF N7 T ETTAl = ANz
IKAETSDS-PAGE#, CBB#:ta%ATo72. BAAT—VL, 1, Il ¥ %

NEISIEE, PR, B, OEMIET, RFALEN, 4, 6 813
FRENERZOBHETRT. RIZFRCAL ) ¥, GRS/ B 7Y Y%
Y. MEPFE—HI—%2RL, Elo¥FEI~—H—s 7 ED
HIHEE (kDa) 2~ T. b)) ERAT PO ~vHEFRALILSDF w2320
il & R TCA & AL WIKEE TSDS-PAGE#, JLAPHLAEZ AAWTA

LTy MBI EITo72. ©®) DEREEZTFT YV M A—-F—THEL
Ry T HOBRKEICHT 58 A2 5MEL L.
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" ‘p ~0

& 4@.\0 & é\&o
kDa Qﬁ 6@ Od QQ 6@' gd
97.4 —
66.3 —
424 — . |

B8

30.0 — T

203~ . -
14.4 —"

CBB Immunoblot

X 5. k<AL Flprotein-storage vacuole N DA{EME~ M) 7 2 4
DVPED FHE
b~ fEFAEFL A & HLBE L /- protein-storage vacuole (PB) K N % D] {E
< M) 7 AE 45 (matrix), B2 ) A% 0 A FHES (crystalloid) %
SDS-PAGEf%, CBBHtE (ZEfI/S4 ) FIHVPEHEZ V72 A A
70y MR (BRASARN) 24707, ERloRFE~—H—5 v
N H DM EE (kDa) Z/RY.
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DY R EWERIEEEFONE ) PIEIAHTH S, B <l
F-EFL O 6 iE EIRERES (Hara-Nishimura et al., 1993b)R° 8% 7 KF v 1
B 5 Bigk U 7z protein-storage vacuoleDH 7 W H T LX)V TD 5
[ 2» & VPE | protein-storage vacuole® < [ ') 7 AIZ/{IET H Z L AUR
S LTV 4 (Hara-Nishimura et al., 1993b, Hara-Nishimura and Nishimura,
1987). k <protein-storage vacuole® < 1) 7 AZVPEDSRIET A Z &
AREN, VPEPH MO TEREL TWA I EXHLNIIR-
xE.

OB K R FAEERIZ)IT TOVPEDFEEE Y YNV BOE
)

v HETORILMILICBITAVPED Y V87 EOEBIZOWT, §F
B EHVIzA L 70y MEFTICE DR (H6a) . BEHOH]
RURFESHEOMBTIE IOy ¥ FiEUS KL o 72, ThEXH
THEDIINY FPRERBSINT, BEEVPLETHALI LITER
bz, T, ERETICBIABERIFEEIOFHEENDL LS
Potz, ARFrFAFROTOTOT) v ok AT HIEHED, &
BEFTIIRE SN o7z L) i HdH 5 (Hara-Nishimura and
Nishimura, 1987). CNOLDFERENLEZ S LizRETO 70T v 7
BERIINEELEhTwE Y, b 0w, FELsHE>Tows v
FHRIIEREF IO S NI vwoRrd Ltk .

TR TP OB EN/VPEIRITkDaTH A Z LATREN
T\ % (Hara-Nishimura et al., 1991). 37 kDa® /N> FI38# K V53
TR ORI &N, —T, 41kDa?D/N > FASEIF2HE  THRIE
S, 414/ 70y bENTIZHV 5 HK % maltose-binding protein &
VPEDRE S X2 BT HHRICEZ TY, FROBERESBLN
il

VPER 70ns/u7yrorars v 744 r2&E107 3 /BB
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immunoblot

— cm— H1kDa

16

112

Activity (U /g frwt) —e— T
Protein (mg / g fr.wt.)—O—

I i m o 2 4 6 8

stage Dry days
Maturation I Germination

6. b<iEFDEHY (Maturation) 7* 5 825REH (Dry seed) M USE3E4A
£ (Germination) {22 T CHOVPED ¥ > /37 & OB TEHEDOEE)
(a) EAT—TV O vHTIEI» D7 37 il SDS-PAGEf%,
MVPEHAx IWTA L4/ 70y M E1To72. (b) AT — VDO
WP IZHFETHEEATF FE2UEY 5 VPEGHER THIE D & ~ /3
JEEX* TN EFNEALRUVENLTRY. BERAT—VI, 1, M E£EN
FTIEHEH, P, BN, o3, FFARM2, 4, 6, 813 %
NENBHEEO BB ERT.
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FECERRTF FOTANG F U BEOCKFRHMONTF Figd %
YIWr 4 A &% % £ (Hara-Nishimura et al., 1991; Hayashi et al., 1988).

b < ff Fprotein-storage vacuole?* b DML A6, ZOFHARTF
RF&E2DDRTF FIZGHT ATy FiEEF2D, Tl
DXRTF FOSRITET 6T & AR S LTV 4 (Hara-Nishimura et
al., 1991). 2% V), protein-storage vacuoleM |2 IIVPEGRHELAMZ, Z D
RTF FegBTA70 7T —LCRFEL LW EFRBEINE. £
CTIOHREEHWTERMP O RBFERMOEAT -V DL T
WRFLOMBRL A & VPETE MR IL 2T o 72, ot Y 7iEHId e <
BET-OBRIIEY, BALTOWR 7oty ¥ VEHOEREIE S X
7HDERIEDS T TRI o/ (6b) . &5 X7 HEOHIZ
Ay NV EOEGHRIE-TRIY, BT TRARICES. 5
FARMIIZ48 DIEOEIMIIEE/L L Ty E, 10HHEICIEERX
FREICBNENTHETS, & U7 EELEF I TS LT
WL, ENIFLTT oy Y 7ERIEEBABRMICRERIIZY), BEF
DEF I o THA L Two/z (K6D) .

Invitro COMEF- ¥ 37 QRO Tt v 7

FBAPK 'VPEDSHAL ¥ » /32 B T uRIpikE % 7ot 245 =
ENTELDE) HEAX. BRAMO v B FRILE[S) A T4
STV ARERL, v aEREARELCEVSEL SOy o8
7R FUERMSEZHBL, NV AE#RETF oA AL, S
protein-storage vacuole[#] 73 % F % L 7-. Protein-storage vacuolel®] 5+(Z 1
WTNVT IV, USZOT7) YO/hH 7=y b%, RCA, VI VH
FENTWA (7, lanel) . ZHIIH L TERESFIZIZ2ZST V7 3
YRUSFu 7)Y, RCALY VD350 T uRIBERENES TN T

W7z (7, lane2) . E@ S -7 OB ¥ 32 & % in vitro T
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+pepstatin A

NEM

+
12 3 45 6 78 9
T I L

R & @ == g o
L 2 2 8 8 3 § 8§ QN
c®. -
L X XX X X X £ JFH
=T 7"
S -4l
V 0 30(5 30 30|5 30 30min
none +VPE +AP

7. BRI CHRE L/ZERBEFICEBIET HRIEES VN7 H
@Dinvitro THO7Otv I 7
PSIAF A=V EPS|VATA YT 1RSIV AE#E L e v B H
DIEFLA 6 > a ¥EH EAEE O CHE/AE S ER) 2, RILL 1K
BNV AE#RBIC2HEAF A=V ATA4 Y TFo 4 ALEE
AP OHWIAES (V)ZHEL L7, lane 1 ; ATIET ¥ V32 H (251
WSTNVT IV, GIEIISZTOTY >, RIZRCAL Y ¥ V257 T) 2&0H
falE 4. lane 2 ; BUEEMRS 37 & (p2SId 70287 V7 I ¥, pGiEX T
O11S7a7) ¥, pRIZZTORCAE 70 ¥ Y %RY) & UERHES.
lane 3 ; ERBI*BFE 7 L T37C 300 e S RIGAER. lanes 4, 5 ;
ERIE%+120.4 mUDVPE% 12 T37°C 55 (lane 4) 305" (lane 5) FUG &+
7o ROGES . lane 6 ; ERESMIVPEL D EMHER THAN-ZF IV~
L4 I FWNEM)ZMA T 300 e & &7z UsiEHL. lanes 7, 8 ; ER[E 4>
120.4 mUDAPZ I Z T37C 54 (lane 7), 3045 (lane 8) R & &7z Bt
/AW, lane 6 ; EREISTICAPE £ DEWHERTH AT A Y F VA%Z
A2 T 3057 S S8 /- FUSE . &5 R U RISAEHL % SDS-PAGE#,
A ss 74 —0ELI .
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DTy FEHRREDTOOREE LTHW:, BEE2MRATIC
COERESE2GEETH 7y Ry BEo7ay Y 7idikEI L
vy (A7, lane3) . ZOZ b 7uly Ry go7uwy 7
%472 VPEIX, ERNTRAFERR & LTHET 2 O L ARICAPH

EHRRERE L LTHET A EERZLNS.

FT I VPEDR D B F vy HEFICE T WA EHOFEREKSY V37 E
OTaAXS T ETH) T EDRINT WA (Hara-Nishimura et al., 1982) .
< b LZERESICVPEZ X C0FHRICSEL L, 3207
RTOTOR Y RGP THE LB, WIBAORIE S >3
JEERMUYA XNy FOMmMA»RZ >/ (M7, lanes4,5) . =
DIDDFHIEEED 7Tt ¥ v FIZVPEDHEH| T2 52 mM NEMIZ & -
TRHESR (K7, lane6) . SHIZH L TAPEMAIBAICIIE
LR esnd, Taory 7RI bhehro7 (7, lanes7-9) .

D EDREILRIEESY Y7 BTty v ZVIZAPTIE % { VPEIZ
SoTRIAZENFREINT.

APIZ & Binvito CHFUST VT I Y DRBDTORTF FO Tt
7

ST NT I VEIEAKIIERE Y 82 o2o0H 7T 1=y F DRI
TORTF F2F2IEFMEINTnE, £2OXRTF FIIEFGKRD
Mictirah s EZz 65, FELOFK K FHara-Nishimura et al.
(1991) DIFREHRT LI ICVPEIL X 270 7 idhk ) #EL I
RS, COILrEZDHE, STNVT I VREEEIZIVPEIL L 570
YT ERFIR, ARENLIRETOXRTF FopEixfho 7o
FT7—LBIlLoTRIAZEXNFHENS,

COTARTF FOREIZAPEREG L TWAERE ) NEfs L8
W, STNVT7 I YORFOTaEE L &EAKZTF FDin vitro TD 5
BxiTo7z. YAAXFXFSTNT I V2B E Y 7 ED

33




—KHiE & DNAD S FRES WD RiEE Y v X2 BT I/ BRECH &
ORED S, BREBEO T Uy IREDFA FTRIAMIZDOVT
B & 412 7% o TV A (Krebbers et al., 1988). £ CIZD a4 X+ X
FOISTNT I V2R EREONE D 7O 7F FORHTI 2 EAIZI8T
IBREISRLRTFFEAEL, APOEE E LTHW (X8
¢) . BHATF FICEZEE A T304 M pH30O&GTRIL S5 &,
FOTORTF FHRFL LN DoTSD2ORTF F7I 57XV MR
bhi: (08a) . FNEFRONRTF FIF5 5 Ay bOT I/ EEHMIC
ONTHRHER, APII 3 AT TEDORTF FEYMFLAZ L% -
72 (E8b,c) . ITHLDHDDYMIZ 7z =NT Ty —TET AT
FUEB—8OMTREZIY, P2EPSORTF FaA L. 2FHOUNIE
O3 Y—9L 7N I VEE—100BTRIY, P3EPAORTF Fi
L. 3FHOUMIIT AN FUBE—1REA VO —13DMH
TRIDPIRTF FEAELL (K8 c) . IHIIPARPSOSHRIEY T
HoHEEZOLNSL, ZOHRIZAPH, BUKWT I /EEEZZHELTZED
RT7F FiEE UM TAZ L 2R L TWwA. APRVPEIL L A7 0E
YT oo T any MK LA BO T O RT T FOHEE
DRI LTWwEohb Lhrzwvw, LALAPICEAEHRATFF
DOYRF T v HBIEAOpHL E 2 N TV APpHSSDOFHTIIRI 572
Mholz. K9 TIEAPEL VPEDEMADPHIZ L 2B ER LTV 5.
APD T U RTF FEYI3 A5G IEpH 4L T Tt &, FDOE#pH
(33.072 072, THITH L CVPEDTEHIZpH 30T Sy, Fad
pHIZ5.572 272, Z DO#EFIZAPDOIEPE L protein-storage vacuoleN T3 IE
FBIENZ EDTRE SN, 7aXTF FOYMIErz ) BV EE Tk
ZoTwnhEEZLNI.

LY DEBRE COVPEDRIE
v OMFIEFLUAN O3, Tdh, B, KEZBFLE a7
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(a) §

-AP

Pi P2ZP3

' s

(b)
Amino acid composition (mol)
S P1 P2 P3 P4 Ps

Asp  6.20(6). 1.11(1) 239(2) 3.39(3) 2.89(3) 4.08(4)
Ser 092(1) n.d 0.97 (1) 0.84(1) nd. n.d.

Glu 426(4) 1.97(2) 1.24(1) 1.02(1) 2.89(3) 2.44(3)
Pro 2.00(2) 1.00(1) 1.00(1) 1.00(1) LOO(1) 1.00(1)
Gly 1.05(1) 1.08(1) nd n.d. 0.88 (1) 1.05(1)
Ile 208(2) 085(1) n.d. n.d. 0.85(1) 0.82(1)
Lue 208(2) n.d 105 (1) 2.09(2) 029(0) 1.05(1)
Phe 1.02(1) n.d 1.02(1) 1.05{(1) n.d. n. d.

(c)

\ A { \{
P-§S-L-D-D-E-F-D-L-E-D-D-I-E-N-P-Q-G
> P2 = P5 "
- =5 > Fa >

. B
- 5 >

H8. 7TIERFVRSTATIVORBO T a~X7F FEROERK
RFF FDAPK & B HIN |
(@) BEE_TF F (S) LHBAPIZ L 28I K o TAE L ISEDTFF
RZZ 7 A b PIMNBPS) OF ¥ 5 V) —ERKBID/ N Z—2. (b)
(a) DEHEE—2I7 D7 I VBRERE T 0 Y VEEEII LIS ENLTRT.
nd ITBRHINTWRWZ LEE2FRT. () BETF FOT I /) BRI
B FRENDAPIC X ML B =& TR
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Relative activity (%) =
- =] 8 o
(=] o (=]

1]
(=]

30 40 50 6.0 7.0 8.0
pH

9. WEe<APKUHE v < VPED Ei#pHD L EL

FJAZAPENZ, BUAIIVPEEEEZRT. BT F FEHEKEL
THEBEBZELAVCTICIFMEE S E2hL, Fv ¥ —BX
vKE) THREAT L 7.
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BEOFLEIIOVWTHNL., EHBlgb/cho7utd ¥ FiHETH
LA (K10) . BB 2EEDOHZ0%DEEIERIA D3
POBRBENS., CORERIZAL 7Oy MEFICLAERPLDX
FEhs (1 0a,b) . W, MEUKED L) LEEHFENLIE
BRI BT BIEHED02%H 508%D GRS/ (F1 0b) .

Ah) 70y MRTTRY N7 ZHRIBTAZ LD TE o7 (K
1 0a) #%, HMHEBESEEICHEMTS Y FPRH SN, 37

kDa& 41 kDa?2AR DN v FIZFEEORE b EFLOE & FERICERI S h
7. TRHOEERNS, VPEIRREAD LD REMBFELZITTRL, %
EaBICODHFET A EREINL.

B4 SR E A O OVPEIEM O

B4 AW BI A 70y Y IEESFET AP E ) PII2o2NnT
W7z, ARF Yy RO A XOBRFET-OTHEDILIT L YEID25%
PoR%DOEEI B SN (M1 1) . BTETHL a2 A0ENE
T2 65 eEALDSBRIMBGOENEETIZH LM SN/ (1 1).
EHICYTFYRFT LYV UOMKE, R, KFEO L) LEKERET
bevOGa L ERIRVWEERE EhZ (K11) . ShHDf
EhbTuty yFERIFEGFE CER{, FEHETRENI L
MRE SNz, VPEREESREOHET Y YN BT TIE R {, KE,
ME VRO & 9 2 RERE TOHM Y 37 B 7 o BFiRkD 7
Oty 7iICfboTwnatEZLNS.

VPED #lllla P 5 7E 1
VPEDHMBRARBEEIC DWW TH LI T 27:0, HFEIAKLTHWT
A YT OREERBE 4707, FD#E R, protein-storage
vacuole®D ¥ k1) 7 A R UHEE3I0 nmD 77 AN 7 )V FICAKBEED
REZRTEMN TP s (M1 2 A B,C) . KEED
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a Immunoblot

Sk =

endosperm

Activity (U / g fr.wt.)
5
Activity (mU / g fr.wt.)

0.4

B10. EvDOEIFEDVPEFRM

(a) . ¥ DIEFL (endosperm) , T3 (cotyledon) , 1R (root) , i
(hypocotyl) J O'AZE (leaf) #* 6 D ¥ > /37 i i % SDS-PAGE#, #i
VPEHfE % IV TA L2 70y MEE{To7:. (b) BT, FEH LD
F 7B OVPEFEHREEHE 1l gdboh 0=y M T, 8,
R URFEP S DS X7 B WP OVPEEE L EHE Ll gdb/cho
IVaz=y PETRLI.
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b

Actlvity (U / g fr.wt.)
0 0.4 0.8 1.2 1.6

castor bean endosperm
rice seed

P77  castor bean
soybean cotyledon
[priezizd pumpkin

Activity ( mU / g fr.wt.)
0 4 8 12 16

| | 1 1
(NSSS)  castor bean

g pumpkin hypocoty|
mung bean

[To=om]  castor bean

pumpkin root

1 1. #4 ZHEHOERFEICHBITHVPEFEHE
(a) t¥HEFL, 1 FHEF, e~v, FAZXARUAIRFrxOFEILLDS ~
N7 B PROVPEEHR Y& E 1l gbloh o=y MILTRL.

by b=, AKFxy, YZFIVDRLMETIR, v, x7 L VIOK
E¥»LDY YNNI BEPOVPEERLZSEHRE lgh/th DI Yy
FETRLI.
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K12, B FDIEFLMILAD T > AR 7 IR OVPED BIE
HOVPEHUA (A, B, C) R URI11SZ 0 7Y Hifk (D, E, F) % v T&3k
b YHi R FLORIERIFEEX T o7, 7 AN 7 )T arrowheads
T/RY. VM, VC, L, M, P, CWIE F N FNiNaaiE~ b)) 7 A, il
AEts ) AsaA( KN, VEY F:RF1, I baryFY7, 75 XF
FMRUANEEEZ /RS, "= 1pumTdH 5.
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protein-storage vacuole¥ b 1) 7 A2 B} A FAEVEL EFRLO 0T SEER D

BRICE o THIFEND, —F 7TV ARY 7 VITEESO nmD T

TRV IZIWVERZHEEMNICEOPICERS., eIV
AFr A AEBRPOCEEY YN ETHAH11S 70 7) ¥ ORIERMED

ERP O F VY ARY 7 VEZFH LR~ EX I s 2 ARSI TW

% (Fukasawa et al., 1988). D118 70 71) V3§ 28k % fwvi:

GEBHTOLHEBREPTTFT Y ARV 7V EICER TP S n/z(H 1 2
D,E, F). COERENPLVPEDIIS 70 7)) Y ERARRIZT Y AXRY 7 )V
PARH L CHlEICiiE S N5 2 EARIE S .

BEEEAM I B 1) 5 e < VPEDFEIR

ERVPEL T ¥ ANV Z VICRIET 5 Z & R U Z DcDNAZ flV 72/
#T (Hara-Nishimura et al.,1993b, 1995)%* 6, b < VPED iEM S B D
FAEFREENTVE, FZTINIZDWTHITT 5720, BRI
(Saccharomyces cerevisiae) TOHEM & iTo7-. KBBEREBRHO T ¥ bV
N7 ¥ —T, 20MDNADEE R, Gall7’OE—F —, CYCIIEH
Y R UBIR~— 7 — &L LTURAZBIEFE &, BEANI Y —
pYES2D Gall 71 € — ¥ —DHE T IZ ¥ YVPERIER{E % T — N4 % cDNA
EHALIZa AT 7 FRtEEE L7z, B (Saccharomyces cerevisiae)

D IEH (PEP4) Ura MR ONfEa 71 7 4 +— A (PrA) 2 K38 L 7%k

(pepd) Ura #RICI YA MT 7 P REEIRL, 75 2 VERVETHEIK
L7z, UratOEBBF R L0 =—%2H 52 b— 22 aUR/NER
R LT ELMEZ BRI L 72, SRR OB T
VPEHUEZ V=4 A/ 70y PTEATLZ: (K1 3) . Z20O8E,
77 b= ATHBIFFE L 72 PEP4TL AR R BE FHHR D> 5 59 kDa, 46 kDa
D2AEODNY P ans: (|1 3, lane2) . ZDO2AKD/N Y Fig
FNVa—ATERELLCEEERBEROMBEDL S 3B Sk 72
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1 2 3 4 5 kDa

—97.4
kDa
50— _mmem mam 663
46— —
—424
—30.0

PEP4 pep4d

1 3. EYVPEDEEE (Saccharomyces cerevisiae) T DI
BT ¥ — |22 WE e < VPE® IEH ¥ (PEP4; lanes 1,2) R U707
A+ —YAKIEHE (pep4; lanes 3, 4) (B A L7, FRHEREE 7 )va
— A (lanes 1, 3) B{WM I AT 7 b — AHEH (lanes 2,4) THEFEL ¥ » 237
M E 1TV, &5 37l % SDS-PAGE, HUVPEH A% AV 724
L Tay MEFTEITo7. BE SN2 59kDa, 46kDa ¥ 37 HD
MEBXEMICRT. BRI I —DAREA LT T 7 b— ABEH TR
= LB (pepp D 5 D A & (2 HVPEHUE I RIS 55 K
RE SN LD o7z (lane 5). BHIOEFIE~—H—F 37 HoMad
HE (kDa) X7~ 7.
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(K13, lanel) . TR ¥ —0Ah %A L IEERREER
HBRDOFT T 7 b—ATHEBRFEL MMM S bRl Sk d
-7 (E1 3, lanes) .

PEPABIETFIZE o Ta—Faha7Tusb A4 +—¥AlX, o754+
—PYAHHZ R 7O 7 A +—¥BRCPY &\ o BN DRk 4 ik s g
BEEZOEMLICEAS L Twa EE 2 5T 5 (Ammerer et al., 1986;
Jones et al., 1982; Woolford et al., 1986) . = O 7= pep4tk T e Min
IR REEFR I & A DRIGETEDSIEE IZIK\V. 46-kDa¥ > /37 HH%59-kDa
¥R BEOGMEDTHLWEENERLONIZDT, pepdHinik
Bk EZ W TA A, 7y FTEFTLZ (E1 3, lane 3,
4) . pepdZEEIREERI R & b PEPARRD
& [FA% 259 kDa, 46kDa® 2 KD/ Fasfgiis iz (K1 3,
lane4) . ZTDZ Lid46-kDa¥ /37 E1359-kDa¥ > 23 7 B HSREFE
WONKGRBERICL > THREZTTCTELLDOTIE 2V L &R
L Tw5b.

pepdtk TD59-kDa¥ /37 B H46-kDa¥ ¥ /3 7 B~DEW
VPEIIrER | C 7O RIFTER{K & L CHRBE N, protein-storage vacuole
N CRIAEIN 2514 % & # 2 6 5 (Hara-Nishimura et al., 1993b). 59-
kDa% ¥ X7 B K F46-kDa¥ » /N7 BB N EFNVPED 7 1 BIpi R
BUBRARBZETII W EEZ LN, FITH T2 b— R FHHEE
HWHNTORIEDRS9-kDa% ¥ /32 B h546-kDa ¥ ¥ 257 B ADIEHAS
BRIHPEIPIZOVTHAR: (F14) . 59kDa® 37 B3 A5
7 P —AFEIREREOMBE, G S, 46-kDa¥ >3 7 B IL3FFRH
ZofMiar ot Es N (K14) . 59-kDa¥ 7827 BIZ £ OH%ENN
L3RFMIRICRRLANVIGELFOHMA L Tvrolfz. ZD59kDa%
YN EDORAII46-kDay N BOEREEMES TR, PED
FaHR H59-kDa ¥ /37 B HHIBLA TREFFIIZ46-kDa & » 287 2
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kDa
\

proVPEsc- - euihgy ZEE:Q

{ ]
mVPEsc- - - @R 45 4

-30.0

01 3 9 25h
incubation

1 4. pep4 BREiEHM+ TD 59-kDa VPE 7 546-kDa VPE~ D ZE
VPE%Z HA L zpepd ¥k T 7 b — AR TIREHI 2 H2SRERISERE L,
EEEREOMBE»S & Y7l 21TV, JUVPERUEZ V724 A
/70y MENEZITo72. ER® provPEsc & UF mVPEsc i F L Fh
59-kDa VPE HIER{K B U'46-kDa B#LE VPEX RT. AllofHFid~<—
H—8 N7 GO EE (kDa) # 7R .



ERENLZ ERUFOTHIZIE 70T 4 F—EAPHEG LTwiEW
TERRLTWS, D% )59kDa ¥ ¥ /82 EAS T O RIBTER{K, 46-kDa
¥ USRI TH Y, BRSO RARINOZEREZ R L TWD
EEZ o

BRI T & < VPENDBES A N

FEEABRICE A L 72 E T VPEDCDNARNEKRENIZ Y FF U RTF F
A FO55kDaD 7L 7 ORIGIERK ¥ Vo2 HExa— FLTWwW5A, §iER
LRI TP VRTF PO ZITAZ EIZED, S53kDad 70
TIHISEAR & > 2827 HASER T T & T { A (Hara-Nishimura et al., 1993b,
1995). BEFFTHIA S /VPEIXS59-kDa ¥ V82 E T, TN 553
kDa?® 7O RIgiER{R X Y 6 kDak & Ao 7z, AFEERIZIING & RIMESH
s A4 F A2 Frd 5. 53 kDa®) 7° 0 BURTERAA |2 ASD v TS59 kDahs
HELAIENEZLNS,

59-kDaft F46-kDa¥ /37 HIINFE S RIESHAT DWW T WL ) H
AL, P8 YN E P ONEETIEH 2 I+ 588K, N-77V
3 ¥ % —¥F (Chu, 1986) 2o THTL7:. VPEXH T2 b—ATH
BB A DT 7 pepsk OFIBHUIIN-7) 2 ¥ ¥ —PFEMZ TRIG S
¥, £OREHE % SDS-PAGEIZ ), HIVPEHUA K UHICPYHifk % H
WTA A 70y MEITERIT 572, CPYIIN#EATBESMNINY A 4o
FroTHB D (Vallsetal., 1987), ZZIZfEE LI-HEHIXTEHDbES
E#I10kDaTdh 5 & #Hits S LT\ 4 (Hasilik and Tanner, 1978). CPY %
PESEEIMTALEE D —H — & LTHW & 2 5, BEEALHE S 0
HED 5 i361-kDa% /827 F (1 5a, lane 5) 24 o T51-kDa¥
878 (M1 5a, lane6) DR Eh, HWHEEEFREI TV E
ZX HN7:. VPESO-KDamiBfKII »' T 7 b — A CIEERIZEIRF L LT 72
MR 6, BAEI46-kDalZ 25K ) FEFHAFE A T 72/ 20 & Hhith L 72,

ELLDY NI HOMELMATICRIE SIS L%
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a 12 345 6

proVPEsc ~_ __ _— -mCPY
proVPEscAW- = -mCPYAY

mVPEsc - . -
mVPEscAY - —

N-glycosidaseF = =+ = 4+ = <4
anti-VPE  anti-CPY

kDa

— 974
—66.3

— 30.0
— 20.1
—14.4

K15. BEFFTHRISE/VPED i fEsHLE

(a) VPEX & A L7zpepd Bkx A5 7 b — ABEHLT1HER] (lanes 1, 2) R U
2505 [ (lanes 3-6) ¥53¥E L, &M, SOMEBEREN-7) 2 ¥ —¥F%
oA 912 (N-glycosidase F -; lanes 1,3, 5) T 72 EN-7) a3 ¥ —EF&E M
2. 72IRHE T (N-glycosidase F +; lanes 2, 4, 6) 37°C T 15k i JU & €7z,

% O L % SDS-PAGET%, PUVPEHUE (anti-VPE; lanes 1-4) K UHICPY
PiiE (anti-CPY; lanes 5, 6)* W TA 4/ 70y ME LA, Eflo
proVPEscAY K UF mVPEscAY (X # £ #EsHPRF & 1L7259-kDa VPE
AIBE{R B UM46-kDa A E! VPEZ /R . mCPY R U mCPYAYIE £ E
NIRRT CPY J U#ESHRBR F= S M7z BBl CPY % 7R T . (b) (2) O lane 4
THAESHALER L 72 SUCHE (lane 2) R U e v B8 dE FIE7L A H O HIH
W (lane 1) ZHIVPEHEZ FAWTA A/ 7ay VNN EiTo72. HHlD
BFI~—I—F N7 EDOMMNEE (kDa) #7RT.
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o7z (1 5a, lanes1,3) . SHIH LTEEEZMATRIEEE5
EEHIZEAL, boTS53kDa% ¥ /37H (M1 5a, lane2) &41-
kDa® /378 (1 5a, lane4) P& Sz, BERAFRIFRE O
JHE D 6 1359-kDa® Y87 HIZh b - T56-kDa¥ Y237 Gk s h
o (F=F—3R&%w) . BEABIZL D2 ZNERDY VNI ED
ZALD S, #3kDaD2 O DHEESTM S TWAZ LICL B LEBDN
L., ZODOIZ EITETVPEN2y FTONE SISO YA P2 b2
El—HT5. LEOFKER»LEEESTHEE S E/-VPEIZIING A
SEAINAHEZ o TWA Z LATRMEE 7.

B CRIESELVPESHM LA TH 559 L) DOV THRS
7o, bR AY SR SN AVPEE BESEBRE L7725 YNV ]
DRKEESELB L TAHZ. eit251337kDay N7 HE L
\Z41-kDa% > 737 & Hiprotein-storage vacuole¥ k') 7 Alj437 b #R i
ESNhTws (M5, M6) . ThiEzlilL/z:Z s e <vitildond
kDa®D S ¥ FIIFEGHBR L S N/z41 kDadD N FER L4V ECRE LY
A X TH-o7 (K15b, lanes1,2) . MMz TZ ORI L -FIE
WA H41kDay ¥ /37 B Zhb o T37-kDa% V587 EHhMB &tz

(11 5b, lane2) . LALOEHED OB CHRB S /2VPEIX, ¥ESH
B4 5 EHMVPEL R LY A XCThHA I LARE NI

B iR B M N C O VPED B AEH:
59-kDaVPERT SR, mi#El46-kDa% > /37 OB BT 5
JRTEMEIZ DWW THR % /=%, Horazdovsky and Emr (1993) @ J7 2 HEW,
pepATZ E rifiifg % = VLR IC & ) P131E] 4, P10OME[4), S100[ 412
ST L. BRSNS ETVAY) 7+ AT 7 ¥ —YIIP13E S
B AR & LA (Horazdovsky and Emr, 1993). HLCPYHU{EZ H W24 A
J 70y MRS, CPYSPIESICOABH Sz (M1 6, lane
3) . 59-kDa VPE, 46-kDa VPE& ¥ [ZP13[H[ 537 & D At E iz
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1 2 3 4
anti-VPE 9 @® proVPEsc

. . — mVPEsc

anti-CPY - — _ mCPY

1 6. 59-kDa proVPEsc} U'46-kDa mVPEsc® B I A T O B1E
VPEZEALzpepd %hk2 A7 27 b — AKEH CISKEREEL, A 720
TIAMILR, EOCEINVHBESEZITo72. b —% VES (lane
1), S100E4* (lane 2), P13E 4" (lane 3), P100H4% (lane 4)% SDS-
PAGE#%, LMIIZHIVPEHLIE (anti-VPE), THIIZHICPYHL{F (anti-CPY)
THWTA L) 70y MENEIT272. A proVPEsec K& UF mVPEsc
X £ £ 59-kDa VPE BIBR{K K 1M46-kDa B #%! VPE% 7T . mCPY
X EBAAICPY 2 7R T,
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(B916, lane3) . ¥EFEEPFI LMY FEHITHRE SN 2oz
(F—% — 3R &%) . ULEOEEN559kDa, 46-kDa¥ ¥ 737
EDICEHMREROBRBICKRIET 5 Z RSN,

CPYD R LIZIZPEPAR{ETFIZ X o Ca—Fashaba Tusr A+ —+£
ADBIS- LTHBY, pepshkTIE T UCPYIIRAR & /87 KRS
NG WZ EDHI STV D (Ammerer et al., 1986; Jones et al., 1982;
Woolford et al., 1986). 4l <VPEZEA L, HEEIE

pepAtk DHARE A S (T ARICPY A & 7z (11 5a, lane5; X1
6, lanes1,3) . T ODFEEDSEBEFEIAA TVPEIZ X ) ATERAED 5k
MEINDOEBRHIF T > TWBEZ EHRBEINT.

R SRR R A 5 O VPEIE MR

RGN THRB L TV AVPENEHR ZH2 0 &9 <5 7:
W, MREANTORBEOE®ZHZEL]:. VPERX 7070 7) o7
Oy 7H4 20107 I /BREZEOCEHEARNTF FOT AN
7 ¥ VERIEOCKRP O R T F FEE % Y 5 {51 % £ (Hara-
Nishimura et al., 1991; Hayashi et al., 1988). ZDOX7F F& 70t A
L VPEEMEIXVPEL TR Ed5 L TW i WPEP4RR, pepdbh & BT Y ¥
—DHAEREIER LI K2R Eb IR E o7z (F—7—13
RERW) . I LTVPEZ E A L 7z pepatk > b VPEG P AT
N, ZOEHRIEATF 7 b— AFERM LR ITHINLAE (K1 7) .
C OFEHEOHEMIZ46-kDay ¥ /37 HOWINIZfE->THEY, 59-kDa¥ ~
NIEDOBOEELIT—BLTWiror. ULOKERDH46kDas
Y7 BH K VPEDIHEMEL, 59-kDa% ¥ 37 BIIAIEHENZHY T
HIE, SHICHRATAREER > OEEERANETRINS Z LATRE
S,
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01 3 9 25
Incubation (h)

B17. 92 b—ABHTOREEIZL S VPEFEEOHEHN
VPEX#A | 7:pepd brhx T 7 b —AREH TIFFRE 25k MIBEE L,
BREERFHOMAEY S & 7l 2TV, G TF FERELEL
TVPEFEMZ lE L 7-.
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B CRIE X4 /-VPEE ¥ YVPEL D HiEE D LB

B n g £ T3 L 72 #8146-kDa VPE & & < f&f-protein-storage
vacuole D VPED MG Z e L7z, M1 8%, BRI R UHEVPES
0.04 mU % SDS-PAGEHLVPESLA X IV TA 4/ 70y b LIZERE
RLTW5A, BERETOIEMERI46-kDa VPE L & Y i1 DR #37-kDa VPE
D7y P EOY T FNZIEREARBETH I ENL (H1 8,

lane 1,2) , ZEIRFEW46-kDa VPEQFOIEMHEII e v T OREFE O
iEH (92 unit/mg protein) (ZIEE$ 5 Z AL NI o7z,

VPEZIRIZ X % pep#tk N D CPY D i #k
& ISR IRIRHIBAN OCPY 2 H8EE & L CVPED 70 ¥ & 7
WOWTHAR. BRTIR 7074 F—E¥BRCPYD & ) ZifaAin
KA IREERE DB R HEE LT O T4 F—FAILL > TR S h
Twh EHE S Twv A (Ammerer et al., 1986; Jones et al., 1982;
Woolford et al., 1986). PEP4¥k7 5 IZHARICPY S feHi & s (M1 9,
lane 1) DXt LT, pepabkd 613 7O BIRTERAEDOBER SR S 15 (I
19, lane2) . CDpep#kICVPEZT A LBl &H 5 &, HARICPY
PRREEN (K19, lane3) . & 5IXZ O D 6 pepsthdr b 1
BH I VwCPYFHRE R &N (F—F7—lIRE %) . O
FOLEWE, RV —DHEFHEALT T 7 b —AFEEEPIT-MRBT
IR 5o (19, laned) . LLEOFHERD LGB VPED T
BHBEANICHEEL, 754 F—FAD b h IZHIERAECPY % B LA
WWEBRLTWAZ L2 RBELTWS,
CPYHiEERIZ T A5 F Y BREOCK IR DR TF FEA O * %
GTRBENIER T 5 Z L EE SN T W 5B (Valls et al,, 1987). i
ML7-EBY, VPERSTFREDT AT FURELAHRL, #0C
Kimll D7 F FiEE % UIWF§ 4 (Hara-Nishimura et al., 1993b). EEf}
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kDa
—97.4
—66.3
mVPESC- a» —42.4
VPE~ -
—30.0

M18. e~HETFHFAFDOVPELBEETHRIE S A VPED ILIEMD LB
VPEZE A L7zpepd BkEH 5 7 b — ABEH TEEE LML & V3
7 R (lane 1) %, b <HFIEFLA 5 BLEE L 7-protein-storage vacuole
DOUEME~ M) 7 AES L7 (lane 2). VPEEMH0.04mU% & A 72
& Hli 7 % SDS-PAGE%, HUVPEHEZ AWV TA A/ 70y MM L7
HEOBFEEI~Y—Hh—F 7 BEOMHNEE (kDa) 7R T . |
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kDa
69— - - —PTOCPY
f1— — — - mCPY

B 19. pepdF¥tHiHfaP) TR S €72 VPEIZ & ACPYDHIA(L

VPE% JERERIHR L T2 WIEH B (PEP4#HE | lane 1) RU'T 07 4 +—¥
AR AE R (pep4tk: | lane 2), VPE% JEHELH L 72 pep#tk (lane 3), FEHIN
78 —DHhEEEAR L 72 pepabk (lane 4)7* 5 Ol % SDS-PAGET%,
TCPYHEE W TA A 70y MR EIT 272, proCPY & UF mCPY
FENEN CPY AiSEME R U AR CPY %R .
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TREEEVPENTUCPYD T AT F B F# L Yuts v
TRATHI L # R LTWS,

ZRVPEDEE AN TORB

VPERR Y ATA > 7ar7—LEE LTRENLAINS 2R LEDE
LizinAg 77 3 —LidFgEMARESR O W, FriLwnwiA T
DY AT A 757 —+ T A(Hara-Nishimura et al., 1991; 1993b).
ISIA OIEHEFEED T I/ BRECH E VPERETQ O T I B
BC¥1) (Hara-Nishimura et al., 1993b; Shimada et al., 1994; Takeda et al.,
1994; Kinoshita et al., 1995a, b; Alonso and Granell, 1995; Becker et al.,
1995) £ DHED S, CXVPEDRIGEA F A= 683FHD Y AT
AVEUPI80FEHD L AF T E (NRm7 2 /B 626HBD U A
FAUERERFI2ZFHDO e AF Y URIE) »EEPLTHEI LD
FHEENS (M20) . FITINLDET I VEEREE ) O V%
31242 2 72 VPE (C83G, H180G)  1E%L L pep#¥RIZEA L7z, T Ok%
#T o b— AFE2SEE AT, MO E F V CEEERNE R UL
CPYHidk, MIVPEHIAZ FHIWTA 4/ 70y METZIT o7, BRI
7F Fae7uat AT AHVPEFEHEIBRE ST (F—% —3R&hw) |,
69 kDa? 7'T CPY & UF59 kDa® VPERIBRED Aff it &7 (2 1) .
D EoiRE, SREH L& T I/ BRESEEDLTHD 2 &,
35 1259-kDa%y ¥ /37 HHHCRES I X - T46-kDa¥ > /37 HIC
A REMEEECRE LTS,
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10 20 30

Papain WRQKGA~-VTPVENQGSCGSHE]
Actinidin WRSAGA-VVDIKSQGECGGE
Cathepsin H WRKKGNFVSPVKNQGACG S
Cathepsin L WREKGY-VTPVEKNQGQCGSH
Oryzain a. WRTKGA-VAEIKDQGGCGSE
Oryzain b WREKGA-VAPVKNQGQCGSIE
Castorbean VPE AVLVAGSMGFGNYRHQADVE
Q-VPE AVLVAGSSGYWNYRHQADVE
B-VPE AVLVAGSSGYGNYRHQADVIE
Y-VBE AVLVAGSSGYWNYRHQADI

Echovirus 39 GGTPTKRMLMSNFPTRAGCEGGVLMSTGKY

160 170
o)

BAVAAVGYGPN-—~~~~~— YILIKNSWGTGWGENG
BV T IVGYGTE-——-GGIDYWIVKNSWDTTH~-~~
Cathepsin H B VLAVGYGEK--~-NGIPYWIVKNSWGPQW-———~
Cathepsin L BV LVVGYGFESTE SDNNKYWLVKNSH-———————
Oryzain a ALDEGVAAVGYGTE-~~-NGKDYWIVRNSWGKSW———~
Oryzain b SLOEGVVAVGYGTD-~-—-NGKDYWIVRNSWGEKW—-——~—
Castorbean VPE YSOEIGGPGVLGMPNLPYLYAMDFIEVLKKK

Papain -
Actinidin

a-VPE PGVLGMPTSPNLYANDLNDVLKKK
p-vPE ACRCGPGVLGMPNTPHIYAADFIETLKKKH
Y-VPE YSOEGGPGVLGMP T SPYLYANDLNDVLKKKH=——==m—
Echovirus 9 LGIEVGGNGHQGF §———=—~~-— AALLKHYFNDEQ---

Poliovirus 3C IGMAVGGNGSHGFAARALKRSYFTQS

20. YAFA»r7usr7—YOEERINIEDT I ) BEdS)
BRI, U BEELE LENKELSOT 2 ) BREY, OIREHES
DOMBEHAL 28T 27 I ) BEELTT.
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_ @e»- proVPESsC
anti-VPE

- — mVPEsc

anti-CPY == =»— proCPY
mCPY

2 1. ZRVPEDOHIH

TEEVPE (lane 1) & U'ZE £ VPE (C83G, lane 2; H180G, lane 3) %4 A L 7=
pepdbkk H'T & b — ALEHTISHERIEERE L, SMBA S 5 V5o il %
fTo7z. FiH# % SDS-PAGEf., HUVPEHF (anti-VPE) K UHICPY#HT
£ (anti-CPY)* iV CTA A/ 7Oy MW X1To72. proVPEsc BT}
mVPEsc (3 Z L& 59-kDa VPE §i 5k {& & U46-kDa B #4 % VPE#,
proCPY R U mCPYZ €€ CPY RIBK{E R UV R#ARE CPY %R .
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z 5

VPELAPIZ X BT ¥ X7 B DAL

REREBIEIC L ) VPER FAPAH & ¥ D5 #AFE A Dprotein-storage
vacuole®~ M) 7 REEBIC/BET A 5 Ran/ (3, E5,
1 2, Hara-Nishimura et al., 1993b) . HFOERMPIZB W THEEED
oy EEEmTs (M4, K6) . SO EPLMEERILBIC
BTy N7 EOEPALICEES LTWwaA Z bR ahn s, s E
ENTELFETFY N7 ERREE, PR ELZD2ODRELE
T 5BV,

AP Y ¥ 527 BBk Tuvy v riEwERET A0, £
DIFE LTERES P HMB LT 0By Y XFEHEE (FO28T VT
v, FTuryro)ry, Y yREFTFURCAESEL) 2EHLL.
HBVPEIZ N O ETORIMEY v 3 Belil iz &i+s (K7,
lane 4,5) . HBAPEINZ CTHRIERIESY ¥ /37 B b AR~ DZAL
RN o7 (7, lanes7,8) . D'Hondt et al. (1993) I35 % +
DAPIIpH3SDEH{HT I OA X FXFDOTUa28T VT I =22 71
Y AT A EHE LTWA, FDOILE (Irabbit reticulocyte lysate @ V> T
invitro CER S /b DTHE. FLTEDEHRERNETCAZE>T
MBLTWLZ LD, ZOREFBREEL TV B RENHIIEETE
v, EHICHELIIEERICEpHISE W) ERADpHE ) 274 K
WEHTITo TV A, ZD-DM 6 OEEERD N vivok LB Tnb
e PEERTH 5.

B H KT ¥ FEFH b HLBE L /-protein-storage vacuole!Z VPE (Hara-
Nishimura and Nishimura, 1987) R TUAP (F— % —lIiR&E W) 2 FA
Tw5b, ZDprotein-storage vacuole[E[ 53722 H & 7’10 7 10 7)) ¥ % pl A
RN 53T A {EMEA I 8 LT A (Hara-Nishimura and Nishimura,
1987). C DIEHIZAPOHERTHART AT F VAIZL - T
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FREENY, N-ZFV<L A I FRp-Z70ui N ) KERERE V-
T2F A —NVHKEIZCL S THEEINSE Z ARSI N TV 5 (Hara-
Nishimura and Nishimura, 1987). Z ORI ATA »7Tusr7—+E
T HVPENRIEME S ¥ 3 BOBRBALEIT ) ZL 2R L T4,
HARF v BREFONNVAF 2 4 AEBRICE Y, Bk y ¥ 87 H
DTSRRI NI, EPPIEI A LIRS
T\ 5 (Hara-Nishimura et al., 1993a). © V& T- 0 HA5E L 72VPE
ZruZa7Y RS 7IVT I v %in vitro T H 3053 LA THRUZAEI
(22 A B\ % FFD (Hara-Nishimura et al., 1991) . 2O Z &
LVPEICL B 70> 7R 7axR7F FOGHBEDEFITTEZ %
EEZbNS,
VPEIX 70287 VT I Y DGFREMIZIHH2DDT ANT F riKxIk%w
L, FOCKHONRTF Fia % Y3 % (Hara-Nishimura et al.,
1993a), >0 A XF+AFDTO28TNVTIFHVPEIZL-TTOtLY
TR, NEKflo 77+ F, 167 3 /EERE,LLLR ST O
RT7F EFEoni T2y b, REKY 7229 FO3DD F X
A 2 B E#Ez 55 (Krebbers et al., 1988; Hara-Nishimura et al.,
1993a). HEAPII/NY T 2=y MZoWwlz T a7 F FOEGTDER
RTFFE320% 4 FTHMLAZ (K8) . ZoOHRIZAPAH T T2S
THhT I V20D 70T F FOYIM R IZES L Tw 5 TR
HERLTWAS, SRIOWENSL, APIREEOT I /BRI FrHlic
BT I/ BRREAD S L FOCKIGH UM+ 5%, HBAMT I
S BIRIEBONRT T FHEASIOM LAV L 2R LTWwAS (X 8b,c).
Z T A F A FDOAPO M E (Kervinen et al., 1993) B U7 ~ D AP
(Schwabe et al., 1993) A5 7 A 85 ¥ eI F0 o U EON, B
BUKEET X/ BIREMORTF FEGEUKH T LV IHEL L3
T5H5., SHRICHLTHY FDAPIISREIAV/L O L FERD AR TF
FOTANGFUVRETANTIF VEEOBZYMTL, uA 70
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YIVEBOBMRTANTFVBREAVOA L OB L 2927k
(D'Hondt et al., 1993). APOHEIFRMEIIVPER EMFE T WI &5,
TaRTF FOFRIZAVWTWAS EBbha, 2F ) 70287 V7T 3
VIR EERMOIEE ICHE R VPEIL X o TUIK &% T, £DIRAP
WZEBGRIE-T, BEBRBE Y VRV BELRDHIENEZLR
B,

L HIZEZ BITRIEVIT 2 WDIZAPO E#pHA3.0T, FHATF F
OIS A i5HAPH 4.0 ETIIIEE 1L B2 o228 THS (H9) .
Nishimura (1982) (& & v EFLOWALNOpHAS.0TH A Z & G L.
Z D Z kI APHprotein-storage vacuoleP] TII KDIEEZEB T 5 Z
EMTELRVWIERRLTWA, 8TV T7T I VIRVPEIK LS 70tEY
YTERZIAIEIZED, AOTORTF FANFo ok LT
ZHL, APICEST M) I V72T Al EICE o TRHRARIILZ S Z
ENEZONS,

B4 i E COVPER APIC X Bifilay v 32 o Tukvy v 7
D FHDIAE
o, WEERE T RO A 2 E D 5 VPEDCDNADHEE S 1
T & T\ % (Hara-Nishimura et al., 1993b; Shimada et al., 1994;Takeda et
al., 1994:; Alonso and Granell, 1995; Becker et al., 1995). 7=, 1A X
F A FDVPED3I2D Y /) X v 70— (aVPE, BVPE, YVPE)iX, €
NEZNEGREFEMICEBIL Tw A Z EA5R S 172 (Kinoshita et al.,
1995a, b). BVPEIIHF K UTEATIFRAVIZFHB L, aVPER YVPEIL%E
AT E A RM 3BT S (Kinoshita et al., 1995a,b). 512, PO
#£(Graham et al., 1985), % /33 DFEEH (Atkinson et al., 1993) (ZfF-7E T
ATOFT—X¥A e EY—, 154X D334 > (Cohen et al., 1986)
K% N ORFEREEFEMATD ¥ F +— ¥ (Sticher et al., 1993)% 7 A
NG FVERFEOCKHETHIRED 7u Ly ¥ 7% 5%1T 5.
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VPE & AIBRICAP Y F 72k 4 ity e B I2HiH & LT 4 (Tormikngas
etal, 1994), 724 MOERISLETAPIZH2DDT AV 7+ — LM
HHIEDNRENTI, EHITA FDAPIIRDL o 722D DcDNADTHLEE &
LTV A, Paris et al. (1996) (3 1 2 ®D APRTER{E A vegetative vacuole™ D
¥k 2 77 L ANl 7 0 531, protein-storage vacuole™ D #ik
FFNELTEY N2 EARO 7O I L2 FEE LTV,
ZDZ EDHAPLVPERIBROLU EDRER B FET L ERDILS,
APR USVPEDS, @FHYM O T RRESREICILSAFEL, B4 il
¥ N7 BORPALIZEG L TWaB Z EFHEEINS,

VPE D e PR i 3% e OSAS T P R i SRR D f7AE

FF-& >3y B 7 aRai SRR O EHXIZ[CS) A T4 = ¥ TN
AT RN LGS OFRERIFLZ A7 flla 7B X % EERTH
RO Twahb, BFEF¥DI11SZ/ a7 » (Hara-Nishimura et al., 1985),
2S7 V7 X » (Hara-Nishimura et al.,, 1993a), E~<11S7 a7 »
(Fukasawa et al., 1988) @ 7" O RIFIEK{RIIERD 5 & 124 g /em’ Th 5
TYARY 7 VEFERLTHlR~NExENL., e<11S707) »iZ
NI LRI o TOREBHREBRE D S EFEF300 omD 772 A X
voniusru sy yagiEhasz bR adhi: (M12) . T
WCARF YD 7U28TINVTI B e TRONELETVAXRY 7 )V & [
FRONRY 7 WICER I NS Z L AYR ST v» A (Hara-Nishimura et al.,
1993a). BERAXRF v FENPGHBEL TV AR 7 VIdH 4 710
By 37 B %% { & A T\ A (Hara-Nishimura et al., 1993a). 12
DRBEEHBEDP HOVPEFMO T ORIy s HE LB IZRY 7 VI
FELTWAILIRENT, LIAN, TRLDF VARV S LT
WZ7ully oRIEOTar s v 7id#e 2 6 7% 5 - 72 (Hara-Nishimura
etal, 1985). CODIZ EMLVPEIIAREERIE LTI ZNWIZBELT
WabetEZLNS,
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VPEIZH T B HERHUEE - TiTo 724 &2 70 v MET TE2ARD
NV R EN. 123 BREN/BEE L L37kDad /N FT,
b 9121341 kDad N> FTHA (M5, H6) . KEEETHERBEIEL
maltose-binding protein& VPE& OFlA ¥ ¥ 23 7 B¢ L5k & -
TOA L 7Oy MEWTL ZO2RDO/N Y FIEFEICRE S hi:.
DT ENPHAKDaDNY FOARFERICHABRL TS Z EARRE N
%, HilE X7z <TVPEDCDNAY 11— Y IE#)55 kDaD RiBifA % 2 — F
LTwW5. NKigD Y 7+ VEH &2 &, 7OEGHTERAE 53 kDa
ThsreFHESIN, ChPrHCaMI 3o 7o 77 —EIZ L5
KE % 50T, 41 kDa%e37 kDa®D B H (27 A & ¥ 2 5 4 (Hara-
Nishimura et al., 1993b). ZGiZii-X7- X 912, Wy >~ 237 H OHisE
DRRA GREF 5 YN HOTORIGHEREE LB IZT VY ANRT 7 VAL
FELTWBEEZLNDD, ZOXRVIZVATRTOXY 7k
ZHhawn, ZOZERPLL53kDaDFIEREIIAHEERITH L LEZ L
N5, ZOFEMEDHOH#HE 723 7o 7 7 — 22 X 5K
AZTAHZEN, EHEICEESLTwREEZLNS,

B2 RE CRBLE B 7= VPED A= A B & USHIRE Ui 2%

VPEDCcDNAZ RHIW/ZT 0 6, KEFRIE S 7P VT F F, NER
TuRTF R, FRAER)XRTF FRUCEKR 79 XTF Fhbi b
TV 7oKL L TEB 8 LA (Hara-Nishimura et al., 1993b,
1995) £ E 2 6N TWw5H |, BERMREPA T3 S ¥/ VPED BRI
TOREWERCERBICEZ A2 70Xy > 7 an & R
CoTnANE)IPIOVTIRATALELNHA. M1 6TRTLD
I259-kDa i, (M46-kDa% > 2327 BH L & (BRI OP13H 4 (2 &EFE L
72, ZOPIIEIZIITEBILY V32 B THACPYDIT L A LA
Wb &z, T4y 82 B 1 D Tdh bo-TIP% [ U
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BHTERHAIES L, o TIPIRPI3ES I S Nz, BOEHAEIC X
5 Z DR EIRFORIZICFERLREET, TOES 237 HH NI
BRI RAE L T B Z & RERR & LT\ A (Inoue et al,,1997). Ll L
DFGRDN S ZOPI3E T HE 3% % { FAZET TH Y, 59-kDa
K Ud46-kDa% VN7 &S ICEBOBBICBE L Twa EEZ LR,
—%, E1 4 TRITERDIS59-kDa¥ > 237 BITATBRERICH Y L,
BFARI46-kDay YNV BITE SN A EEZ bNA, T OFERIIHEY
RN & R ICBIERR D 7T u ey v FABERRIATLRI o Tna
EEXLbNL, LaL, fWHiaN»5 I 7oBVPEERHTE Ty
v, ZOZ Ei3aHiie o A TIXETERE D 5 BUATI A~ D ZHihH
BOTEEICEI > TWAE I EATFHENS,

CPYR 7 U7 A+ —EAD &) ZERIEILY ¥ /N7 BN ~Es &
NE72ODY TV, RERED 7OXRTF FRICHFETAEEZD
LT % (Johnson et al., 1987; Valls et al., 1990; Klionskyet et al., 1988).
Z D) LCPYI3£DNEKYE 7 1 <~ 7 F FHNDGIn-Arg-Pro-Leu
(QRPL) FCHIDNENAE S ¥ F NV THAH T EHNRENT VS (Valls et
al., 1990). ZOEFIXTO T A F—FAD—(KMELICAONEwD
& [FAERIZ, VPERTERIRD —KA#1E 12 b B & M7 v (Hara-Nishimura et
al.,, 1995). FRICY Y <A EOWITE Y Y NIV EARII Y0
W& LTHeA ZHYBIg s 732 HA%, QRPL BCF %% WwIicb
b6, BEEREANEXINEZ LAREN TV S (Matsuoka and
Nakamura, 1992; Tague and Chrispeels, 1987; Yarwood et al., 1987). 4-[d]
R TRBESE/VPELHlICER S L. ZOZ Lh SHli~DE
EVTTFNVREFNICHTALET Y —BSHBEAFEL, E~D Y %
7 @ik A Z A & F 2 5N A (Rothman et al., 1989; Valls et al., 1990).

BB CRIR S E-VPED R HL & iR
BEE TR SE A VPEIC I E L = VPEIZ X R & L7z WEESA AT
62




B ofz. ZOBEHEMNINAHES o7246-kDa¥ » /37 HIZHEY VPE & [A]
BoER AL (A16) . 202 & 3EEE~OBEHMAINTIEE
WIHRELEWI EZRLTWS,

K TR S VPERIEEAIX 7o o ¥ FER /T,
deletionZ#2 = L72VPEIR 70t ¥ » VMO I EAVRENLTW A
(Hara-Nishimura et al., 1993b, 1995). Z® = & 6 AKEEEOFHMHALICIE
RIBRE Y Y0 BOTORTF FOBRFHVULETHHEEZONTY
% (Hara-Nishimura et al., 1993b, 1995). 4R D#5H Tid59-kDa¥% » /3
7EDPAEHRRTH D Z LGRS RB S, VPED LI EERH L
OB E YL LB I, 59-kDa¥ 32 Tk {46kDa¥ ¥ N7 G &
OWMEFATLTHMLA (K14) . E5ICVPEDIHHEFLLER
bNBVATA VERERVPCAF I UBRET ) ¥ VREITEZ R
RYVNIBERERSEILET A, 59kDay YNV HDOARDERL,
VPEEM b & e o7z (B2 1) . LRy 6B A
THERILSE/ZVPEIX, 59-kDa¥ ¥ /37 HSAEER, 46-kDa¥ > /%7
HHAEBRITH D Z L Hh R E sz,

PESHISE L - USSR SRR S 7z41-kDaft U37-kDa% » /87 &
L, BRET OB LB ASRHE I NDE N FE—F L7 (K
15) . ZOMRISHEEME L EYAR THERDOVPERIBED 7o+
VVTHFRIoTWAIERRELTWA, 41-kDa% 7327 HIXVPE
DHIEY T, 2BREOTOLY v FBEABEZOHOORIC L 25
LICREE R L TR EELZLNS,

VPED R BALOE—EBO 70ty v V3 TRI»TWAD
7259 5 ?41kDa¥ ¥ 87 HOCKREIMERAL & FHIS N AMEICIE
TANSGFUBREFEIR OGN o7:, EH T A/ TV FIDVPED
TANTG X VBRIEOCK A Z U 2 EHE 2 FoZ L |E s h
7z, @B 7F FPro-Ser-Leu-Asp-Asp-Glu-Phe-Asp-Leu-Glu-Asp- Asp-

lle-Glu-Asn-Pro-GIn-Gly % 268 & | Tprotein-storage vacuole< k1) 7 A
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H5E G Sz 25, Asp-Asp-BiF|DCER i % LI 3 5 HiHEA*
BEBEN: (F—7—IR&% W) . Asp-Asp-FitFlide =, +4#< X,
¥AX, HEF¥RFETOAL X5 XFOVPEDO TS N5 CRum L]
BEERAI AR IR TE S T WA, b vEEE TIES4D 5578 B L 4297
5430FHICRE EhTwa. VPERIBREABCSHIZ L > T DEME
TYHF L T41-kDa% Y X7 BOHEEICEREINL I ENZEZONS,

B2 B T VPED R IEIZT kDad X7 BMADOEHIT, #0505l
ICHFETH3IUMFEBOT ANG F L REOCK M TR EXITAZ L
IZE o TR ATHEHEAREINTWAS, Abeetal. (1993) 377 v AF
FIEINESBBEETINARE o 27 ANT F U EEOCKRB O TF
FIEAEUMLAWZ L EHREL TS, b LEFMIRATI74FE
DT ANTF VRIEIHEHEMNMATRE > TwE L, BHOCHRICEAZ
D3MFH DT ANT F BREDCERIGHU DR TF FEE& O ILEE &
Wi Bbhd, 37-kDa¥d 37 BIIHESHIR S L7246-kDa¥ X7 B
DEIGBEP S DA SN, ZOZ &hb, VPEXHESHBRERIZE
S>THRHELAMEHO T ANT X ARELZERL, FocKmfllo
TF FEEOUMiTo/cbEZBbNE, ZOUMICL D4l-kDa¥ ~
IS WD BUE B D3TkDa Y N2 BICEREN L L FASKS,

L D3I4FEH D7 AT F R IEIIFE 4 B VPERE O 7R TIRE
ST\ 72\ (Hara-Nishimura et al., 1995). AB#E kT 0 72—k
33-39kDaTdh % & Hiily STV 5 (Abe et al., 1993; Becker et al., 1995;
Hara-Nishimura et al., 1991; Shimada et al., 1994; Kembhavi et al., 1993).
BEN G 70y I A{ FASVPEREO S TERETH D LV T
REMEFEZONS.

PLEDOKRED CBEFBRATRVPEOEILFHOSRIZ L - TR
CHILENELSREEN:., 2E ) HESMICL A59-kDay Y82 K
DTOARTF FOBREVARBRS FHEICELEREIL, HRELT
BRI oA LEZONSE, FLTIOZ LIZEYHETFIZIBVT
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protein-storage vacuole |2 #ij1% & 1L T X 7 VPERIBKAAT LN CH 4
R L o THRIBNIC BRI NS Z L ARELTWA, 4%, VPERH
RS X7 ONKG R OCERIR T 3/ BETRIE D g L VPERT Bk D 7
Oty T4 PeTFHENET IV BREMEDERRTF FiEH
W TS, VPEDTEMA LIZOWTE S ICH LR Bbh b,

RN BT A VPEDFEHALE T2 v 37 OB D /DD A A
i — gtk

BEERHIE A TH B L 72 VPED AT BRI HESH DT INATE Z 5 72 EHah
Mife & 3Rk B & 27 FOIERER B VT w525, Kl &
FfR IR~ MR s S T, b L EM bR 5. ok
fbid, HEEPGICERZE LARBEY» S IEBH S o722
ED, BERHREATRVPEXBCRENRIZL 2 70T F FOkk
EINEUALEFIERI L TWAE I E0 o7z, SO R, ot
FHIFEPI T b MR ~H% & N T & 72 VPERT SRR DS [FIAE O 44 Cid AL
Sh, ZOFMEIBREN /D7) Y2 I L ETEREOETF ¥ 8
JEOWMEBHEO T LY Y ZICHSE LTS E VI H Ay — N0
LTS T AiERL o7,
BEEECPYRIBRAIZ 7 AT F VB EOCK T TEIWT ST, psikl
BERICLAZ ERMbENTWA(Valls et al,, 1987). 7O 54 F+—FYAK
MR TIXCPYRTBRIED BT L, BMEI~OTHIT R S 1z Vi(Jones et
al, 1982). L»LZORRICVPEREA LEH S5 &, FilkETIE%
CHRBRICPY A ETE L, CPY{EMAMRI S 7. 3Bl &9/ VPEDE
WEEL, CPYORBILEIT o/ Z E2RBELTWA, S OMEEIZHE
F-Dprotein-storage vacuole THERE L TV A ¥ < VPEZS, BEEEHIAEL Dlytic
72 1 & [k & B B vegetative vacuole Tl & 737 B O Ak
WS T AZELERBLTWS,
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L£BDBEL

ko ) AP UFVPEIZ#E 4 %2 #l Ak D protein-storage vacuoleX?
vegetative vacuole /2 FFAE L, HMOEREZEIHICHG LT ALBDLNS.
At S L ITHET U ORBMBEDT 4 VA AOFEBFITFIZLY
Ihensuy 7 —EoMaOBERIE~OBS PO PSS D
DEMFEINS.

APV EBpH % #5212 b D 5 $protein-storage vacuoleH [ZFF
i+ A, COAPOKET ST THLEMDON 77> Y DOE#pHS 2720
H4TH VMDY VS — LB LHERD LKL, ZOEHE LY ¥
NP BIZOVWTHRZICE - TRV, APOBERFHIMERU Y —
oy hehBYUNATEIIONWT, EHIIHRHTAILENHSLLEED
ha. F7:, BEIT 7D, TR =T AHEI 5B THER
RB L, MBATREEDOSHICEGTAEELZRTHRENSINT
V3% (Deiss et al., 1996). HiMAP b [FIAR I FE ML DR EREY) & Relids
Ry, 2TV HREZSBT HALENHL L &L LI, BERAICEAS L
TWwahsahsd LNzwn,

L 287 BRiBREOMER T u s v VL W KELEDE T
i, 4 ¥ reioaTid—¥4 reEy—oiErroLi v
FIZXoTHEBET S E V) #iE (Pueyo et al, 1993) B 5 RS TW
B, ZOZEHNSLVPEIZL MY 37 BRiEMAED R R %2 70 &
R, WY NV EORRN REET I E T AEELRBRTH
HEEZOLNL., VPEDT A VA LML HWMBECHAMAL, Y
RN O L 2 7 2 BB, ZILORICEBFEINTL S
VAFA v TOTFT—BREEIILI o THEINTL A Tu7r7—¥
A7 ey —SHERREHOHMBICEE LR LTVAE I LHTFHEE
nNa. Thondy 237 HoOEEEBRTEHA~DOVPEDRES 22\ T
%@ﬁ%btﬁ%ﬂﬁﬁf@ﬂ%@%ﬁm%%wfé%Lﬁﬂbfw
T EICEVHESNIIRBEZEDHFESNS,
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Proprotein precursors of vacuolar components are transported from endoplasmic reticulum
to the dense vesicles, and then targeted to the vacuoles, where they are processed proteolytically
to their mature forms by a vacuolar processing enzyme. Immunoelectron microscopy of the
maturing endosperm of castor bean (Ricinus communis) revealed that the vacuolar processing en-
zyme is selectively localized in the dense vesicles as well as in the vacuolar matrix, This indicates
that the vacuolar processing enzyme is transported to vacuoles via dense vesicles as does 11S
globulin, a major seed protein. During seed maturation of castor bean, an increase in the activity
of the vacuolar processing enzyme in the endosperm preceded increases in amounts of total pro-
tein. The enzymatic activity reached a maximum at the late stage of seed maturation and then de-
creased during seed germination concomitantly with the degradation of seed storage proteins. We
examined the distribution of the enzyme in different tissues of various plants. The processing en-
zyme was found in cotyledons of castor bean, pumpkin and soybean, as well as in endosperm,
and low-level processing activity was also detected in roots, hypocotyls and leaves of castor bean,
pumpkin, soybean, mung bean and spinach. These results suggest that the proprotein-processing
machinery is widely distributed in vacuoles of various plant tissues,

Key words: Castor bean — Proprotein processing — Protein body — Seed protein — Vacuolar

processing enzyme — Vacuole,

Most proprotein precursors of seed proteins are pro-
cessed post-translationally into the mature proteins in the
vacuoles of the maturing seeds. However, a few investiga-
tions of vacuolar processing activity have been reported,
and the processing mechanism in plant vacuoles has not yet
been fully characterized. An activity that converis pro-
globulin to mature 118 globulin, a major seed protein, ac-
cumulates in the vacuoles of maturing pumpkin cotyledons
(Hara-Nishimura and Nishimura 1987, Hara-Nishimura
1987). An activity that converts proricin to ricin is present
in both maturing and dry seeds of castor bean (Harley and
Lord 1985), and an activity that converts proglycinin to
glycinin is found in maturing soybean seeds (Scott et al,
1992). We purified a processing enzyme (37 kDa) from
castor bean endosperm that is capable of converting several
proprotein precursors with a broad range of molecular
structures into their respective mature forms (Hara-
Nishimura et al. 1991},

Abbreviation: ER, endoplasmic reticulum.

Proprotein precursors of pumpkin 115 globulin (Hara-
Nishimura et al. 1985, Hayashi et al. 1988a, Akazawa
and Hara-Nishimura 1985), pumpkin 2S albumin (Hara-
Nishimura et al. 1993a) and castor bean 115 globulin
(Fukasawa et al. 1988) are transported from endoplasmic
reticulum (ER) to dense vesicles and then to vacuocles. In
the present study, we show that dense vesicles mediate
transport of a precursor of vacuolar processing enzyme to
the vacuoles.

Previously we reported that vacuolar processing en-
zyme can recognize exposed asparagine residues on the mo-
lecular surface and cleave the peptide bond on the C-ter-
minal side of each asparagine residue to produce mature
protein (Hara-Nishimura et al. 1993a). The sequences of
precursors of proteinase inhibitors of tomato leaf and
Nicotina alata stigma were reported by Graham et al.
(1985) and Atkinson et al. (1993), respectively. They sug-
gest that proteolytic processing of non-storage tissues such
as leal and stipma occurs on the C-terminal side of an
asparagine residue in a similar manner to that in vacuoles
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of storage lissues.

We discussed that such proteolytic processing is a
universal event in vacuoles of various tissues and a similar
enzyme o that we isolated from castor bean seeds is in-
volved in the proprotein processing in different tissues
(Hara-Nishimura et al. 1991). Characterization of a vacu-
olar processing enzyme in various plant tissues is required
if we are to determine whether a processing mechanism
similar to that found in storage tissues also functions in
non-storage tissues, such as leaves, roots and hypocotyls.
Here we report the developmentally associated changes in
the activity of such a processing enzyme and the distribu-
tion of this enzyme in various plant tissues, including non-
storage tissues.

Materials and Methods

Plant materials—Seeds of castor bean (Ricinus com-
munis), mung bean (Vigna radiata) and pumpkin (Cucur-
bita sp. Amakuri Nankin) were planted at 25°C in the
dark and allowed to germinate and grow for up Lo B days,
Castor bean and pumpkin seeds were grown in coarse ver-
miculite after soaking in water overnight. Mung bean seeds
were germinated on nets on water. The seedlings of desired
ages were harvested and endosperms, cotyledons, roots
and hypocotyls were used for experiments,

To obtain maturing seeds or leaves, castor bean seeds
were grown in a greenhouse and other seeds, including
those of pumpkin, rice (Oryza safiva), soybean (Glycine
max) and spinach (Spinacia oleracea L. var. kyoho), were
sown on a farm that belongs to our institute. The maturing
seeds of castor bean were harvested at three stages of seed
development; the early stage (designated stage 1) was 15
days to 20 days after anthesis, middle stage (desipnated
stage I1) was 25 days to 30 days after anthesis and late stage
(designated stage I11) was 35 days to 40 days after anthesis.
Maturing seeds of pumpkin, soybean and rice were harvest-
ed at the late stage of seed development. Leaves of castor
bean and spinach plants were also used for some experi-
ments.

Extraction of proteins—Each gram fresh weight of cot-
yledon or endosperm was homogenized with 2 ml of 10
mM Tris-HCI (pH 7.5) on ice. In the case of non-storage
tissues, such as hypocotyl, rool or mature leaf, each gram
fresh weight of tissue was homogenized on ice with 0,5 to 2
ml of 0.1 M sodium acetate (pH 5.5) that contained 0.1 M
dithiothreitol and 1 mM EDTA. The homogenates were
centrifuged twice at 20,000 x g for 15 min at 4°C. The activ-
ity of the vacuolar processing enzyme and the protein con-
tent of each supernatant were determined. The protein con-
tent was analyzed with a Protein Assay Kit (Bio-Rad,
U.S.A.).

Preparation and fractionation of protein bodies—Pro-
tein bodies were prepared from 5 g of dry castor bean seeds
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by a non-agueous isolation method, as described previous-
ly (Hara-Nishimura et al. 1982). Both light-micrographic
examination and assays of marker enzymes indicated that
the isolated prolein bodies were intact and that contamina-
tion by other cell organelles or cytoplasmic components
was negligible. After lysis of the protein bodies in 1 ml of a
hypotonic buffer solution, 10 mM Tris-HCI (pH 7.5), the
homogenate was cenirifuged at 100,000 % ¢ for 20 min at
4°C 1o separate it into a soluble fraction and an insoluble
crystalloid that was composed of the major seed protein,
115 globulin. Membranes of protein bodies were precipi-
tated with 1he crystalloids under the condition of the cen-
trifugation. Each fraction was subjected to immunoblat-
ting analysis.

Assay for processing activily—Processing activity
was assayed essentially as described previously (Hara-
Nishimura et al. 1991). A chemically synthesized decapep-
tide, Ser-Glu-Ser-Glu-Asn-Gly-Leu-Glu-Glu-Thr, was used
as the subsirate. The peptide sequence was derived from
the sequence around the processing site of proglobulin, the
proprotein precursor of 115 globulin, a major seed protein
of pumpkin (Hayashi et al. 1988b). The reaction mixture
contained 4.5 nmol of the decapeptide substrate and the
crude extract in § pl of 20mM sodium acetate (pH 5.5),
0.1 M dithiothreito] and 0.1 mM EDTA. The mixture was
incubated for 10 to 30 min at 37°C and the products of the
reaction were subjected to analytical capillary electrophore-
sis (model 270A; Applied Biosystems, U.S.A.) at 30°C and
20 k¥ in 10 mM sodium borate buffer (pH 9.0). Electropho-
resis was monitored in terms of absorbance at 200 nm, The
vacuolar processing enzyme cleaves only the peptide bond
on the C-terminal side of the asparagine residue of the sub-
strate decapeplide to generate an N-terminal pentapepltide
P1 and a C-terminal pentapeptide P2. One unit of activity
was defined as the amount that liberated | gmol of pen-
tapeptide P2 per min under the conditions of the reaction.

Production of antisera against the vacuolar proces-
sing enzyme—The vacuolar processing enzyme was puri-
fied from castor bean endosperm as described by Hura-
Nishimura et al. (1991). Highly purified processing enzyme
was injected subcutaneously into a rabbit with complete
Freund's adjuvant. After 3 weeks, {wo booster injections
with incomplete adjuvant were given al 7-day intervals.
After | week, blood was drawn and the antiserum was pre-
pared. Alternatively, a fusion protein, which was consisted
of the vacuolar processing enzyme fused to a maltose-bind-
ing protein, was expressed in E. coli cells. The expressed [u-
sion protein was subjected to SDS-PAGE and after stairing
protein components with Coomassie Blue R-250, the band
corresponding to the protein was cut out from the gel and
was used for immunization as described above.

Immunaoblotting analysis—Extracts from each tissue
were subjected to SDS-PAGE on a 12.5% polyacrylamide
gel and the separated proleins on the gels were elec-



WVacuolar processing enzyme

trophoretically blotted to GVHP membranes (Millipore,
U.S.A.). The immunoblotting reaction was carried out us-
ing a specific antibody against the processing enzyme puri-
fied from castor bean and alkaline phosphatase conjugated
protein A (Cappel, U.5.A.).

Immunocytochemical analysis—Endosperms of castor
bean were harvested at the middle stage of seed develop-
ment and were cut into l-mm-thick slices with a razor
blade. The slices were treated for 2 h with a fixative that
contained 4% paraformaldehyde and 1% glutaraldehyde
in 0.05M cacodylate buffer (pH 7.4). The sections were
dehydrated in a graded dimethylformamide series at
—20°C and embedded in LR White (The London Resin
Co. Ltd., U.K.). Blocks were polymerized under a UV
lamp at —20°C for 24 h. Thin sections were cut on a dia-
mond knife in a Reichert ultramicrotome and mounted on
nickel grids. Immunocytochemical procedures for labeling
with protein A-gold were essentially the same as those de-
scribed earlier by Nishimura et al. (1993). Ultrathin sec-
tions were incubated at room temperature for [ h with each
solution of an antibody against the purified vacuolar
processing enzyme diluted 1:2,000 to 10,000, antibody
against the above fusion protein expressed in E. coli diluted
1 : 200 or antibody against castor bean 11S globulin diluted
1 : 500 to 1,000 in the blocking solution, and then with 25-
fold diluted protein A-gold (15 nm; Amersham Japan,
Tokyo) at room temperature for 30 min. The sections were
examined under an electron microscope at 80 kV (1200EX;
JEOL, Japan).

Resulls

Suborganellar localization of the vacuolar processing
enzyme in protein bodies of dry castor bean seeds—Protein
bodies found in dry seeds are formed from the vacuoles dur-
ing seed maturation (Hara-Nishimura et al. 1987). They are
membrane-bound organelles in which 118 globulin, a ma-
jor protein component of castor bean seeds, forms inclu-
sions known as crysialloids (Hara-Nishimura et al. 1982).
To characterize the localization of the vacuolar processing
enzyme in protein bodies, we isolated protein bodies from
dry castor bean seeds and fractionated them into a soluble
matrix fraction and the insoluble crystalloid. Ricin was
also recovered in the crystalloid fraction under the condi-
tion used here,

Immunoblotting analysis using a specific antibody
against vacuolar processing enzyme revealed that the en-
zyme was located in the soluble portion of the protein
bodies and was not associated with the crystalloid (Fig. 1).
Molecular mass of the enzyme was estimated to be 37 kDa,
which coincides with that of the purified vacuolar process-
ing enzyme (Hara-Nishimura et al. 1991), although the
migration of the enzyme in the protein body fraction
was disturbed by the major seed proteins on SDS-PAGE
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(Fig. 1). When twice amount of the matrix fraction of pro-
tein bodies was applied to SDS-PAGE, another 43-kDa
band could be detected on the blot (discussed below). The
localization of the vacuolar processing enzyme in the
matrix of the protein bodies of dry seeds is supported by
our results of immunocytochemical analysis using matur-
ing castor bean seeds (Hara-Nishimura et al. 1993b) and
suborganellar fractionation of the vacuoles isolated from
maturing pumpkin cotyledons (Hara-Mishimura and
Nishimura 1987).

Dense vesicles are involved in the intracellular trans-
port of vacualar processing enzyme—To characterize intra-
cellular transport of vacuolar processing enzyme, we
performed an immunocytochemical analysis of maturing
castor bean endosperm using a specific antiserum against
vacuolar processing enzyme. The dense vesicles of 300 nm
in diameter were labeled with gold particles as well as the
vacuolar matrix, an indication that a protein related to
vacuolar processing enzyme was Jocalized in the vesicles
(Fig. 2A, B, C). These vesicles were different from Golgi
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Fig. 1 Suborganellar localization of the vacuolar processing
enzyme in profein bodies of endosperm of dry castor bean.
Protein bodies (PB) isolated from dry castor bean seeds were sepa-
rated {nro a soluble matrix and the insoluble crystalloid. Each frac-
tion was subjected to SDS-PAGE and the proteins were stainad
with Coomassie Dlue (CBB; left). The immunoblotiing analysis
was performed using a specific antiserum against the vacuolar pro-
cessing enzyme of castor bean (Immunoblat; right). VPE repre-
sent the vacuolar processing enzyme.
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vesicles, which were 50 nm in diameter.

Cell fractionation of pulse-chase labeled castor bean
endosperm revealed that proglobulin, precursor of 118
globulin, is transported from ER to the vacuoles via dense
vesicles (Fukasawa et al. 1988). Immunoelectron microsco-
py using a specific antibody against 115 globulin showed
that gold particles were detected in the dense vesicles of
300 nm in diameter as well as in both vacuolar matrix and

Fig. 2 Dense vesicles involved in the transport of the vacuolar processing enzyme in maturing endosperm cells of castor bean,
labeling of the native vacuolar processing enzyme (A, B, C) and 115 globulin (D, E, F) on a section of a maturing castor bean endosperm
is shown. Dense vesicles are indicated by arrowheads. VM, VC, L, M, P and CW represent vacuolar matrix, vacuolar crystalloid, lipid
body, mitochondrion, plastid and cell wall, respectively. Bar=1 ym.

N. Hiraiwa et al.

the crystalloid (Fig.2D, E, F). These results suggest that
vacuolar processing enzyme accumulates in the dense
vesicles of 300 nm in diameter and is then targeted (o the
vacuoles as 115 globulin does.

Developmental changes in activity of the vacuolar pro-
cessing enzyme and in total protein content during matura-
tion and germination of castor bean seeds—The activity of
the vacuolar processing enzyme was defined as the activity

The



Vacuolar processing enzyme

that cleaved the peptide bond on the C-terminal side of the
asparagine residue in the synthetic decapeptide, Ser-Glu-
Ser-Glu-Asn-Gly-Leu-Glu-Glu-Thr, whose sequence was
derived from the sequence around the processing site of
proglobulin (Hayashi et al. 1988b). A crude extract from
castor bean seeds split the peptide into two pentapeptides,
and no further degradation of these two pentapeptides was
observed (Hara-Nishimura et al. 1991). This result suggests
that only a single activity in the protein body can degrade
this decapeptide.

During maturation of castor bean seeds, the accumula-
tion of the vacuolar processing enzyme activity in the en-
dosperm preceded that of total protein (Fig.3B). The in-
crease in total protein content of the endosperm reflects the
biosynthesis of seed proteins. Total protein reached a max-
imum in dry seeds and the level began to decrease after ger-
mination. The processing activity reached a peak at the late
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Fig. 3 Developmental changes in the level of the vacuolar pro-
cessing enzyme and vacuolar processing activity in endosperm
tissue¢ during maturation and germination of castor bean seeds.
(A) A crude extract prepared at each stage of seed development
was subjecied 1o SDS-PAGE that was lollowed by immunoblot-
ting analysis using an antiserum against the vacuolar processing en-
zyme. (B) Vacuolar processing enzyme aclivity was assayed with a
synthetic decapeptide as substrate (see text for details). The prod-
ucts of the reaction were analyzed by capillary electrophoresis.
The units of enzymatic activity are defined in the text. Closed
circles and open circles represent vacuolar processing activity and
protein content, respectively. Maturing seeds were harvested at
early (I), middle (II) and late (I11) stages of seed maturation.
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stage (I11) of the maturation and then decreased during ger-
mination of the seeds (Fig. 3B). Four days after the start of
germination, endosperm cells started to senesce. After 10
days, the remnants of the endosperm had been completely
absorbed by the cotyledons and had disappeared.

The developmental changes associated with the pro-
cessing enzyme in the endosperm of castor bean seeds were
also examined by immunoblotting analysis using a specilic
polyclonal antibody against a native vacuolar processing en-
zyme (Fig.3A). The amount of the enzyme at the early
stage (1) of seed maturation and 8 days after germination
was too low to detect by the immunoblotting analysis, as ex-
pected from the low enzymatic activity in these tissues, The
amount of the enzyme in dry seeds was higher than that ex-
pected from the activity. In the case of pumpkin seeds, a
maximum activity of proglobulin processing was detected
at the late stage of seed maturation and no activity was de-
tected in the dry seeds (Hara-Nishimura et al. 1987). These
results suggest that the processing enzyme in the dry seeds
may be inactivated, or that the active processing enzyme
may be difficult to be extracted from the dry seeds (discuss-
ed below).

Vacuolar processing enzyme purified from dry castor
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Fig. 4 The vacuolar processing enzyme in various tissues of
castor bean. (A) A crude extract of each tissue was subjecied
{0 SDS-PAGE and subsequent immunoblotting with an antiserum
against the vacuolar processing enzyme. (B) The activity in storage
tissues of maturing seeds is shown in U (g fresh weight)™ (left)
and the activity in non-storage tissues of seedlings is shown in mU
(g fresh weight) ™' (right). The assay for the vacuolar processing en-
zyme was the same as that mentioned in the legend to Figure 3.
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bean seeds is 37 kDa (Hara-Nishimura et al. 1991). A 37-
kDa polypeptide was detected in the endosperm from
maturing and germinating seeds. An immunoreactive 43-
kDa polypeptide was also detected in extracts of seeds with-
in 2 days of the start of germination. When we used the
antibody raised against the fusion protein of maltose-bind-
ing protein and the vacuolar processing enzyme, expressed
in E. coli, the same immunoblotting profiles were obtained,
suggesting that the larger polypeptide of 43 kDa is related
to the vacuolar processing enzyme. However, it is still
unclear whether the 43-kDa molecule has a processing acliv-
iy.

’ Distribution of the vacuolar processing enzyme in
various tissues of castor bean—The presence of the process-
ing enzyme in different tissues of castor bean, namely coty-
ledon, hypocotyl, root and leaf, in addition to endosperm,
was examined. The processing activity was calculated on
the basis of the fresh weight of each tissue (Fig. 4B). About
30% of the activity in the endosperm was detected in cotyle-

A Activity (U /g fr.wt.)
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Fig. § Distribution of vacvolar processing enzyme in various
plants. {A) The activity of the vacuolar processing enzyme in
storage lissues of maturing seeds from castor bean, rice, soybean
and pumpkin is shown in U (g fresh wcighl)"‘, (B) The activity in
non-storage tissues of seedlings and mature leaves [rom various
plants is shown in mU (g fresh weight)™'. The assay for the
vacuolar processing enzyme was the same as that mentioned in the
legend to Figure 3.
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dons from the maturing seeds, and this result was sup-
ported by results of immunoblotting analysis (Fig. 4A).
In non-storage tissues, such as hypocotyl, root and leaf,
we were able to detect 0.2% 1o 0.8% of the activity found
in endosperm (Fig. 4B), although the amounts of the en-
zyme were too low to detect by immunoblotting analysis
(Fig. 4A). When 5-fold amount of the extract was sub-
jected 1o immunoblotting, the signal was detected on the
blot (data not shown). Two immunoreactive polypeplides
of 37 kDa and 43 kDa were also detected in cotyledons of
maturing seeds, as observed in the case of the endosperm.
These results indicate that the vacuolar processing enzyme
is present in non-storage tissues, as well as in storage tissues
such as the endosperm.

Distribution of the vacuolar processing enzyme in
various plants—We explored the possible presence of pro-
cessing enzyme aclivity in various plants. In the cotyledons
of maturing pumpkin and soybean seeds, 25% to 323 of
the acrivity found in castor bean endosperm was detected
(Fig. 5A). The activity found in monocot rice seeds was less
than 5% of that in castor bean endosperm (Fig. 5A). We
could also detect the aclivily in non-storage tissues, which
included hypocotyl, root and leaf, although the activity
was very low (Fig. 5B). These results suggest that the pro-
cessing activity is high in storage tissues and is low in non-
storage tissues. It should be noted that a vacuolar process-
ing enzyme is involved in the processing of proprotein of
vacuolar proteins in non-storage tissues, such as leaf, root
and hypocotyl, as well as of seed proteins in storage tissues.

Discussion

Intracellular transport of proprotein precursors of
seed proteins was studied by cell fractionation of pulse-
chase labeled cotyledons or endosperms at the middle stage
of seed maturation. Proprotein precursors of pumpkin
118 globulin (Hara-Nishimura et al. 1985), pumpkin 25
albumin (Hara-Nishimura et al. 1993a) and castor bean 115
globulin (Fukasawa et al. 1988) are transported from rough
ER to vacuoles via dense vesicles, whose density is 1.24 g
em ™, Immunoelectron micrograph using antibody against
castor bean 115 globulin showed that dense vesicles of
about 300 nm in diameter contained 115 globulin-related
polypeptide (Fig. 2B). Pro2S albumin of pumpkin was also
accumulated in the similar vesicles to those appeared in
castor bean (Hara-Nishimura et al. 1993a). Dense vesicles
isolated from maturing pumpkin cotyledons contain high
levels of a variety of proproteins (Hara-Nishimura et al.
1991). Immunocytochemical analysis in Figure 2 clearly
showed that the processing enzyme exists in the vesicles
together with proproteins. However, processing of propro-
teins was not observed in these vesicles (Hara-Nishimura el
al. 1985). Thus the processing enzyme must be present in
the vesicles as a latent form.
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Two immunoreactive polypeptides were detected in
the seeds by use of a specific antibody against a native
vacuolar processing enzyme. One protein had the same mo-
lecular mass of 37 kDa as that of a purified vacuolar pro-
cessing enzyme and another one had larger molecular mass
of 43 kDa than the purified enzyme (Fig. 3A). Both pro-
teins were also detected on an immunoblot with antibodies
raised against a fusion protein of a maltose-binding protein
and vacuolar processing enzyme expressed in E, coli (data
not shown). This indicates that the larger polypeptide is
related to the processing enzyme. Recenily, we succeeded
in isolating a cDNA clone for the vacuolar processing en-
zyme of castor bean (Hara-Nishimura et al. 1993b). The
cDNA insert encoded a 55-kDa precursor of the vacuolar
processing enzyme. Since the 55-kDa precursor contained a
hydrophobic signal sequence at the N-terminus, a putative
proprotein precursor of the enzyme is estimated to be
about 52 kDa. Further stepwise proteolysis or autolysis of
the 52-kDa proprotein must occur to generate an enzyme
molecule of 43 kDa and subsequently of 37 kDa.

As discussed abowve, although various proproteins of
seed proteins exist in the dense vesicles together with a
precurser of a vacuolar processing enzyme, no processing
of the proproteins occurs in the vesicles. Thus a putative
52-kDa precursor is thought to be inactive. The proteolysis
or autolysis of the 52-kDa precursor is possibly associated
with an activation of the processing activity.

We previously purified a vacuolar processing enzyme
from the protein bodies of castor bean endosperm (Hara-
Nishimura et al. 1991). The processing aclivily was assayed
with a synthetic decapeptide as substrate, the sequence of
which was derived from the sequence around the process-
ing site of the proglobulin molecule (Hayashi et al. 1988b).
We reported that the purified processing enzyme can
convert pumpkin proproteins that include proglobulin,
pro2S albumin and pro51-kDa protein into their respective
mature forms (Hara-Nishimura et al. 1991). In a crude ex-
tract of protein bodies from castor bean, there is a single
proteolytic activity that can cleave the synthetic decapep-
tide and no further degradation of the produced pentapep-
tides is observed. Proteolytic activitly on casein increased in
pumpkin cotyledons during seed germination (Hara and
Matsubara 1980). Several proteclytic enzymes are thought
to be newly synthesized to degrade storage proteins during
seed germination. However, the proteolytic activity on the
synthetic decapeptide decreased during seed germination as
shown in Figure 3B. This suggests that the decapeptide is re-
sistant to their enzymes. Therefore, we defined the activity
of the vacuolar processing enzyme as the activity that
cleaves the decapeptide to generate two pentapeptides in
the present study.

The accumulation of the activity of the vacuolar pro-
cessing enzyme in the endosperm preceded that of total
proteins during the maturation of castor bean seeds. This
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result suggests that the processing enzyme plays an impor-
tant role in the biosynthesis of seed proteins. The develop-
mental change in levels of activity of the processing enzyme
in castor bean endosperm is consistent with that in levels of
proglobulin-processing activity in pumpkin which con-
verted [**S]proglobulin that was accumulated in the ER pre-
pared from pulse-labeled maturing pumpkin cotyledons
into the mature 1185 globulin. The proglobulin-processing
activity increased during maturation of seeds, but was not
detected in dry seeds of pumpkin (Hara-Nishimura and
Nishimura 1987). However, we were able to detect the pro-
cessing of the substrate decapeptide when dry pumpkin
seeds were extracted with buffer that contained 0.1 M di-
thiothreitol and 1 mM EDTA, Depending on the composi-
tion of the extraction solution, the processing activity
varied. In spite of the accumulation of the enzyme mole-
cules in the dry seeds of castor bean, the activity was lower
than that found at the late stage of seed maturation
(Fig. 3). The extraction of aclive processing enzyme from
the dry seeds appears to be difficult.

In storage tissues such as cotyledon and endosperm of
seed, a single vacuolar processing enzyme can process pro-
protein precursors of various seed proteins to generate the
respective malure polypeptides (Hara-Nishimura et al.
1991). In the case of non-storage tissues, there has been no
report on vacuolar processing enzyme. In the present work,
we detected the activity of the processing enzyme in non-
storage tissues, such as the leaves, hypocolyls and roots of
various plants (Figs.4 and 5). Immunoblotting analysis
also showed that the immunereactive molecule was present
in such non-storage tissues of castor bean. These resulis
suggest that a similar processing enzyme to that found in
seeds is also present in non-storage tissues.

However, the processing mechanism in vacuoles of
non-storage tissues is very obscure. There are two reports
on post-translational processing of proteinase inhibitors in
non-storage tissues such as tomato leaves (Graham et al.
1985) and stigmas of Nicotiana alata (Atkinson et al, 1993),
The processing of proprotein precursors of both proteinase
inhibitors occurs on the C-terminal side of an asparagine
residue as is the case in seed proteins (Hara-Nishimura et
al. 1991, 1993a), Thus, a processing enzyme similar to that
we found in seeds appears to function in the vacuoles of
non-storage tissues.

We observed that the processing activity was high in en-
dosperms and cotyledons and was very low in hypocotyls,
roots and leaves. Much larger amounts of protein are syn-
thesized and accumulated in the vacuoles of storage tissues,
such as endosperm and cotyledons, than in the vacuoles of
leaves and hypocotyls, suggesting that a larger amount of
processing enzyme is required in these tissues than in non-
storage tissues. As judged from the protein content of the
vacuoles of the leaves, hypocotyls and roots of the plants
used, the levels of the processing activity seem quite reason-
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able. Low levels of the processing activity in these tissues
might reflect the low protein content of their vacuoles. It is
possible that proteolytic processing is a universal event in
the vacuoles of higher plant cells.

This work was supporied by Grants-in-Aid for Scientific
Research (no. 04304004) and (no. 04640632) from the Ministry of
Education, Japan.
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Summary

Vacuolar processing enzymes (VPE) are cysteine proteinases responsible for maturation
of various vacuolar proteins in plants. A larger precursor to VPE synthesized on rough
endoplasmic reticulum is converted to an active enzyme in the vacuoles. We expressed a
precursor to castor bean VPE in a pep4 strain of the yeast Saccharomyces cerevisiae to
examine the mechanism of activation of VPE. Two VPE proteins with 59 kDa and 46
kDa were detected in the vacuoles of the transformant. They were glycosylated in the
yeast cells, although VPE is not glycosylated in plant cells in spite of the presence of two
N-linked glycosylation sites. During the growth of the transformant, the level of the 59-
kDa VPE increased slightly until a rapid decrease occurred after 9-h. By contrast, the
46-kDa VPE appeared simultaneously with the disappearance of the 59-kDa VPE.
Vacuolar processing activity increased with the accumulation of the 46-kDa VPE, but not
of the 59-kDa VPE. The specific activity of the 46-kDa VPE was a similar level to that
of VPE in plant cells. The 46-kDa VPE mediated the conversion of procarboxypeptidase
Y to the mature form instead of proteinase A. This indicated that proteinase A
responsible for maturation of yeast vacuolar proteins can be replaced functionally by
plant VPE. These findings suggest that an inactive VPE precursor synthesized on the
endoplasmic reticulum is transported to the vacuoles in the yeast cells and then processed

to make an active VPE by self-catalytic proteolysis within the vacuoles.

Introduction

The proprotein precursors of many seed proteins are converted post-translationally to
their respective mature forms by the action of vacuolar processing enzymes (VPEs; Hara-
Nishimura et al., 1991; Hara-Nishimura ef al., 1995; Hara-Nishimura ef al., 1993b;
Hiraiwa et al., 1993; Kinoshita ef al., 1995a; Kinoshita er al., 1995b; Shimada et al.,

1994). Several groups have investigated the processing enzymes that convert



proglobulin into 118 globulin in maturing seeds of castor bean (Ricinus communis;
Hara-Nishimura et al., 1991; Hara-Nishimura et al., 1993b; Hiraiwa et al., 1993), of
soybean (Glycine max; Muramatsu and Fukazawa, 1993; Scott ef al., 1992; Shimada ef
al, 1994) and of pumpkin (Cucurbita sp.; Hara-Nishimura and Nishimura, 1987), and
that converts proricin to ricin in castor bean (Harley and Lord, 1985). c¢DNAs for the
processing enzymes have been isolated from castor bean (Hara-Nishimura et al., 1993b),
soybean (Shimada et al., 1994), Arabidopsis (Kinoshita e al., 1995a; Kinoshita et al.,
1995b), vetch (Becker et al., 1995), citrus (Alonso and Granell, 1995) and jack bean
(Takeda et al., 1994). Molecular characterization of these cDNAs revealed an absence
of homology to well-known cysteine proteinases, such as papain (Cohen et al., 1986)
and mammalian cathepsin B (Segundo et al., 1985), but 30% to 32% identity at the
amino acid level to a putative cysteine protease of Schistosoma mansoni (Klinkert et al.,
1989). The processing enzymes of plants and the enzyme of Schistosoma belong to a
novel family of cysteine proteinases.

Recently we isolated three genomic clones for VPE homologues in Arabidopsis
(Kinoshita et al., 1995a; Kinoshita et al., 1995b). The VPE family can apparently be
separated into two subfamilies, one specific to seeds and the other specific to vegetative
organs, such as growing cotyledons, leaves and stems. The members of the seed
subfamily might function in the protein-storage vacuoles of seeds, while those of the
vegetative-organ subfamily might function in the lytic vacuoles of non-storage organs.
Thus a similar processing enzyme is widely distributed in plant tissues and plays a crucial
role in maturation of a variety of proteins in plant vacuoles.

During seed maturation, the proproteins of seed proteins that have been synthesized
on the rough endoplasmic reticulum are transported to the dense vesicles and then into
protein-storage vacuoles, where they are processed to the mature forms (Akazawa and
Hara-Nishimura, 1985; Fukasawa et al., 1988; Hara-Nishimura ef al., 1985; Hara-
Nishimura et al., 1993a). Immunocytochemical analysis showed that VPE was
selectively localized in the dense vesicles of pumpkin, as well as in the protein-storage

vacuoles (Hiraiwa ef al., 1993), an indication that VPE is transported to vacuoles via



dense vesicles together with proprotein substrates. However, the endogenous
processing of proproteins was not observed in dense vesicles isolated from maturing
pumpkin cotyledons. Characterization of molecular structure of the vacuolar processing
enzyme is required to elucidate a mechanism of activation of the enzyme.

Previously the precursor to VPE expressed in Escherichia coli had no vacuolar
processing activity, but a 36-kDa immunopositive protein expressed with a deletion
mutant in E. coli was active (Hara-Nishimura et al., 1993b). This result showed that
the precursor to VPE in the prevacuolar compartment was a latent form and the precursor
was converted proteolytically into the active form upon arrival in the protein-storage
vacuoles, after fusion of the dense vesicles and the vacuoles (Hara-Nishimura er al.,
1995; Hara-Nishimura ef al., 1993b). Therefore, the post-translational removal of
propeptides from the precursor is required for activation of the VPE. It is well known
that proteolytic processing induces a conformational change of many inactive precursors
to produce physiologically active proteins (Neurath, 1989). The VPE responsible for
conversion of various proproteins plays a crucial role in the biosynthesis of vacuolar
components and regulates the biogenesis of protein-storage vacuoles in seeds.

The expression system in E. coli was not able to accumulate the VPE because of the
toxic effect of activated VPE. We selected the yeast S. cerevisiae expression system.
Several plant proteins have been expressed in the yeast S. cerevisiae and demonstrated to
have large capacity to produce a variety of different functional proteins including storage
proteins from plants and localized in the vacuole (Matsuoka and Nakamura, 1992; Tague
and Chrispeels, 1987; Yarwood ef al., 1987). Papain is reported to be accumulated as a
glycosylated form of the inactive precursor within in yeast cells defective in the synthesis
of vacuolar proteinases, and the complete conversion of the intracellular zymogen into
active mature papain could be achieved in vitro (Vernet ef al., 1993). Here we report the
activation of the VPE expressed in S. cerevisiae in the vacuole. The precursor of
carboxypeptidase Y (CPY), which is one of the yeast vacuolar proteinases, is known to

be processed at peptide bonds on the C-terminal side of asparagine residues into the



mature form (Valls e al., 1987). We used the processing of the precursor of the enzyme

as a maker of vacuolar processing activity in vivo.

Results

Expression of castor bean VPE in yeast cells

We constructed the plasmid pYES2-ppVPE in which a cDNA encoding a precursor to
castor bean VPE was flanked with the GALI promoter and CYCI termination sequences
of the yeast expression vector, pYES2. The plasmid was introduced into both wild-type
(PEP4) and proteinase A-deficient (pep4) strains of yeast. Immunoblot analysis of these
transformants was performed using VPE-specific antibodies, as shown in Figure 1. The
PEP4 transformant grown in SC-glucose medium did not express VPE proteins (Figure
1, lane 1). When the PEP4 transformant was grown in the presence of galactose, two
immunopositive bands of 59 kDa and 46 kDa were detected on the blot of the
transformant (Figure 1, lane 2).

To clarify whether or not a 46-kDa protein was a degradation product of a 59-kDa
protein generated by proteolytic enzymes in yeast vacuoles, we performed an
immunoblot analysis on products from the proteinase A-deficient (pep4) transformant.
Proteinase A is responsible for maturation and activation of various proteolytic enzymes,
such as proteinase B, CPY and proteinase A itself. Thus, _the levels of proteolytic
activities are extremely reduced in pep4 cells. No immunopositive bands were found in
the pep4 transformant grown in the SC-glucose medium (Figure 1, lane 3) or the pep4
cells that were transformed with pYES2 vector and grown in the SC-galactose medium
(Figure 1, lane 5). 'When the pep4 transformant harboring pYES2-ppVPE was grown in
the presence of galactose, the transformant exhibited two immunoreactive proteins of 59

kDa and 46 kDa (Figure 1, lane 4), as the PEP4 transformant did. This suggests that the



46-kDa protein was not an artificial product from the 59-kDa protein by proteolytic

enzymes in yeast cells,

Conversion of the 59-kDa VPE to the 46-kDa VPE during the growth of the pep4

transformant

Previously, we reported that a proprotein precursor to VPE is synthesized on the rough
endoplasmic reticulum (rER) and then converted into a mature form in the protein-storage
vacuoles of the seeds of castor bean (Hara-Nishimura ef al., 1993b; Hiraiwa et al.,
1993). This raises the question of whether or not the 59-kDa protein and the 46-kDa
protein correspond to a VPE precursor and a mature VPE, respectively. To answer this
question, we examined the conversion of the 59-kDa to the 46-kDa protein during the
incubation of the pep4 transformant in the SC-galactose medium, as shown in Figure 2.
The 59-kDa protein could be detected in the transformant cells after 1-h incubation, prior
to the detection of the 46-kDa protein after a 3-h incubation. The level of the 59-kDa
protein increased to reach the maximum level after a 3-h incubation of the cells, and
decreased thereafter. The reduction of the 59-kDa protein was associated with the
accumulation of the 46-kDa protein in the cells. This observation indicated that a 59-kDa
precursor protein (proVPEsc) was converted to a mature 46-kDa protein (mVPEsc) in the
pep4 transformant cells during growth in the galactose-containing medium, and that

proteinase A was not involved in this conversion in the cells.

VPE protein, a non-glycoprotein in plant, was glycosylated in yeast cells

The VPE cDNA that was introduced into the yeast cells encoded a 55-kDa preproprotein
precursor with a signal sequence at the N terminus. After co-translational cleavage of
the signal sequence, a 53-kDa proprotein precursor to VPE (proVPE) is generated on the
rER in the cells of maturing castor bean seed (Hara-Nishimura ef al., 1995: Hara-

Nishimura et al., 1993b). Thus, the 59-kDa proVPEsc expressed in the transformant



cells was 6-kDa larger than the 53-kDa proVPE in the plant cells. We previously
reported that the 53-kDa proVPE of castor bean has two sites of possible N-linked
glycosylation, but is not glycosylated (Hara-Nishimura ef al., 1991; Hara-Nishimura ef
al., 1993b). It therefore seemed likely that the 53-kDa proVPE was glycosylated in the
transformant cells to produce the 59-kDa proVPEsc.

To clarify whether the 59-kDa proVPEsc and the 46-kDa mVPEsc were
glycosylated, these proteins were treated with N-glycosidase F to remove N-linked
oligosaccharide from putative glycoproteins (Chu, 1986). Cell extracts were prepared
from the pep4 cells that were transformed with pYES2-ppVPE and grown for 1 and 25 h
in the galactose-containing medium. These extracts were incubated with N-glycosidase
F and then subjected to immunoblotting with either VPE-specific antibodies or CPY-
specific antibodies. CPY is N-glycosylated at four sites of the polypeptide (Valls et al.,
1987) and the molecular mass of the oligosaccharides is ~10-kDa (Hasilik and Tanner,
1978). CPY was used as a positive control for the deglycosylation treatment of the cell
extracts from the transformant. Figure 3a shows an immunoblot analysis of the CPY
with or without the treatment of deglycosylation. After an 18-h incubation of the extracts
with N-glycosidase F, the 61-kDa CPY (Figure 3a, lane 5, mCPY) was converted into
the 51-kDa form that corresponded to the deglycosylated CPY (Figure 3a, lane 6,
mCPYAW).

The 59-kDa proVPEsc was detected in the pep4 transformant after 1-h growth in the
galactose-containing medium, while the 46-kDa mVPEsc was detected in the
transformant after 25-h growth in the medium (Figure 2). Neither proVPEsc nor
mVPEsc was reduced in their molecular masses by a 15-h incubation without N-
glycosidase F (Figure 3a, lanes 1 and 3). In contrast, the 15-h treatment with N-
glycosidase F reduced the molecular masses of the 59-kDa proVPEsc and the 46-kDa
mVPEsc to 53 kDa and 40 kDa, respectively (Figure 3a, lanes 2 and 4). After 1-h
enzyme treatment of the 59-kDa proVPEsc and the 46-kDa mVPEsc, we detected a 56-
kDa intermediate and a 43-kDa intermediate, respectively (data not shown). The two

stepwise reductions in their molecular masses by 3 kDa might be caused by removal of



two 3-kDa oligosaccharide chains from the glycoproteins. This was supported by the
previous report that proVPE contains two possible glycosylation sites (Hara-Nishimura
et al., 1993b). These findings suggested that both the 59-kDa proVPEsc and the 46-kDa
mVPEsc were N-linked glycosylated in the transformant cells.

Figure 3b shows that the molecular mass of the 40-kDa deglycosylated form (lane 2)
corresponded with that detected in the endosperm of castor bean (lane 1). Further
incubation of the deglycosylated product gave a new band with 37 kDa on an
immunoblot (Figure 3b, lane 2). The 37-kDa product also corresponded with the mature
VPE from maturing endosperm of castor bean (lane 1). This result suggested that a

similar processing of VPE proteins occurred in plants and yeast (discussed below).

Subcellular localization of the VPE proteins in the transformant cells

To examine the localization of proVPEsc and mVPEsc, we performed subcellular
fractionation of the pep4 transformant cells that had been grown in the galactose-
containing medium. Three fractions, S100, P13 and P100, were prepared from the
pep4 transformant cells by centrifugation as described by Horazdovsky and Emr (1993).
They reported that a marker protein of vacuoles, alkaline phosphatase, was accumulated
in the P13 fraction. Figure 4 shows that a marker protein, CPY, was detected in P13
fraction (lane 3), but not in either S100 (lane 2) or P100 fraction (lane 4). Both
proVPEsc and mVPEsc were also found in the P13 fraction, but not in the S100 fraction
or the P100 fraction, as CPY was (Figure 4, lanes 2 to 4). No immunoreactive products
with VPE-specific antibodies were detected in the culture medium of the transformant
(data not shown). These findings indicated that both proVPEsc and mVPEsc were
localized in the vacuoles of the transformant cells.

Proteinase A may be involved in the maturation of CPY and proCPY is not
converted into mature CPY in the pep4 cells (Jones ef al., 1982). However, we found
the mature form of CPY in the pep4 cells transformed with pYES2-ppVPE (Figure 3a,

lane 5; Figure 4, lanes 1 and 3). This observation suggested that proCPY was converted



into the mature CPY by the action of mVPEsc within the vacuoles of the transformant

cells (discussed below).

The 46-kDa VPE exhibited a significant activity of vacuolar processing, but the 59-kDa
VPE did not.

To examine whether or not an active VPE molecule was expressed in the transformant,
we measured the VPE activity in the cells. The activity was defined as the activity that
cleaved the peptide bond on the C-terminal side of the asparagine residue in the synthetic
decapeptide, whose sequence was derived from the sequence around the processing site
of proglobulin (Hara-Nishimura et al., 1991; Hayashi ef al., 1988). No VPE activity
was detected in the extracts from the PEP4 and pep4 cells that were untransformed and
transformed with a vector pYES2 alone (data not shown). The pep4 transformant with
pYES2-ppVPE exhibited the VPE activity and the level of the VPE activity increased
during growth in the galactose-containing medium, as shown in Figure 5. The increase
in the VPE activity was accompanied by the increase of the amount of mVPEsc during
the growth in the medium, but not by that of proVPEsc (Figure 2 and Figure 5). These
findings suggested that mVPEsc might be an active enzyme and proVPEsc might be an
inactive form and that the inactive proVPEsc might be converted to the active mVPEsc in
the transformant cells during the growth in the galactose-containing medium.

The results raised the question whether or not the specific activity of mVPEsc was a
similar to that of active VPE in plants. To answer the question, we compared the
specific activity between the mVPEsc expressed in the transformant and VPE in the
protein-storage vacuoles of castor bean. Protein-storage vacuoles (protein bodies) were
isolated from dry seeds of castor bean, as described previously and the soluble extract of
the protein-storage vacuoles was used as a crude VPE fraction (Hara-Nishimura ef al.,
1991). The cell extract containing a significant amount of mVPEsc was also prepared
from the pep4 transformant after 25-h in the SC-galactose medium. Each extract

exhibiting 0.04 munit of VPE activity was subjected to immunoblot analysis with VPE-



specific antibodies, as shown in Figure 6. The cell extract of the transformant gave a
band of the 46-kDa mVPEsc (Figure 6, lane 1), while the extract of the protein-storage
vacuoles gave a band of the 37-kDa VPE on the blot (Figure 6, lane 2). The intensity of
each signal on the blot was similar. This indicated that the specific activity of mature
VPE (mVPEsc) expressed in the transformant cells was the same level as that of mature

VPE from plants.

The 46-kDa VPE was involved in the maturation of carboxypeptidase Y in the pep4

transformant

We further examined the activity of mVPEsc on proprotein processing in the
transformant cells. Maturation and activation of various hydrolytic enzymes, such as
proteinase B and CPY, are reported to be regulated by proteinase A (Ammerer ef al.,
1986; Jones et al., 1982; Woolford et al., 1986). This was supported by the result that
maturation of CPY did not occur and proCPY was accumulated in the proteinase A-
deficient (pep4) strain (Figure 7, lane 2), although mature CPY (mCPY) was
accumulated in the PEP4 strain (Figure 7, lane 1). However, when the proteinase A-
deficient (pep4) strain was transformed with pYES2-ppVPE, mature CPY was
accumulated in the pep4 transformant cells, as shown in Figure 7 (lane 3). Such
conversion was not observed in the pep4 strain transformed with the vector pYES2 alone
(Figure 7, lane 4). These findings strongly indicated that the active mVPEsc expressed
in the vacuoles of the pep4 transformant was responsible for the conversion of proCPY
into mCPY, instead of proteinase A.

ProCPY is reportedly processed at the C-terminal side of an asparagine residue to
generate a mature CPY (Valls er al., 1987), an indication that the asparagine residue at the
processing site of proCPY is accessible to VPE. Previously, we reported that VPE
recognizes exposed asparagine residues on the molecular surface of proprotein
precursors and cleaves the peptide bond on the C-terminal side of each asparagine residue

to produce mature protein (Hara-Nishimura er al., 1993a). This evidence suggested that
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the mVPEsc expressed in the transformant cells mediated the conversion of proCPY into

the mature form in the vacuoles.

Discussion

The VPE precursor is transported to the vacuoles and then post-translationally processed

to generate mature form in yeast cells

Previously we reported that the VPE precursors, preproVPEs, are composed of a signal
peptide, an N-terminal propeptide, the mature VPE polypeptide and a C-terminal
propeptide, as described previously for the VPE of castor bean (Hara-Nishimura ef al.,
1993b), Arabidopsis (Kinoshita ef al., 1995a; Kinoshita et al., 1995b) and soybean
(Shimada et al., 1994). In maturing seeds, the proVPE synthesized on rER is delivered
to the dense vesicles and then to the protein-storage vacuoles, where the proVPE is
converted to the mature VPE after cleavage of both N-terminal propeptide and C-terminal
propeptide (Hara-Nishimura e al., 1995). The questions are the subcellular localization
and the post-translational processing of the VPE proteins, when they were expressed in
the yeast cells.

Figure 4 shows that the VPE proteins with 59 kDa and 46 kDa are accumulated in the
P13 fraction of the yeast. The P13 fraction contained almost the entire amount of a
soluble vacuolar protein, CPY, obtained from whole cell lysates (Figure 4, lower panel).
Recently, we found that a-TIP (tonoplast-intrinsic protein) expressed in the same strain
of yeast was immunocytochemically localized in the vacuolar membranes of the
transformant cells and that the protein was detected in the membranes from P13 fraction
of the cells (Inoue et al., 1997). These results indicated that the P13 fraction was
regarded as a vacuole-rich fraction and that both 59-kDa and 46-kDa VPE proteins were
localized in the vacuoles of the yeast. The 59-kDa VPE corresponds to the VPE

precursor and converts to mature 46-kDa VPE, as shown in Figure 2. This strongly
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indicates that the post-translational conversion occurs in the vacuoles of the yeast, as in
plant cells. However, the proVPE protein could not be detected in plant cells, an
indication that the proVPE is converted to the mature form immediately after arriving at
the vacuoles in plant cells.

The vacuolar targeting signals of the yeast vacuolar proteins, CPY (Johnson et al.,
1987; Valls ef al., 1987) and proteinase A (Klionsky er al., 1988), have been localized to
the propeptide of the respective precursors. The signal for CPY is identified to be the
Gln-Arg-Pro-Leu (QRPL) sequence in the N-terminal region of the propeptide (Valls et
al., 1990). The deduced primary sequence of the preproVPEs, however, does not
contain the QRPL sequence (Hara-Nishimura et al., 1995), as proteinase A does not.
Thus, different receptors have been proposed to recognize different signal sequences for

vacuolar targeting (Rothman ef al., 1989; Valls er al., 1990),

Self-catalytic conversion of VPE precursor to mature form is associated with activation of

VPE

The previous molecular characterization of the VPE shows that the activation of the VPE
requires proteolytic removal of the propeptide fragments from the VPE precursor (Hara-
Nishimura et al., 1993b; 1995). The present results strongly suggest that the 59-kDa
VPE precursor is an inactive form. The level of the VPE activity increased in parallel
with the increase of the amount of the 46-kDa VPE, but not the 59-kDa VPE precursor,
during the growth of the transformant cells. This suggests that the proteolytic removal
of the propeptides from the 59-kDa VPE could elicit a number of changes in the VPE
molecule that could result in activation of the cysteine proteinase. The 46-kDa VPE
should be characterized as an active site of VPEs that belongs to a novel cysteine
proteinase family.

Proteolytic maturation of the VPE occurred in the proteinase A-deficient (pep4)
transformant cells. In a pep4 strain, the proteinases in the vacuoles are inactive because

proteinase A, which is required for the activation of various vacuolar proteinases, is
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deficient (Jones et al. 1982). Thus, the conversion of the 59-kDa proVPEsc to the 46-
kDa mVPEsc might be mediated self-catalytically. When the mutant VPE in which Cys-
83 was substituted with glycine was expressed in yeast cells, the transformant
accumulated the 59-kDa proVPEsc, but not the 46-kDa mVPEsc, and showed no VPE
activity (unpublished data). The result strongly suggests that self-catalytic autolysis
might be responsible for the generation of the mVPEsc. Therefore, it is likely that the
proVPE delivered to the protein-storage vacuoles is converted to the mature VPE by self-

catalytic mode in the maturing seeds of plants.

The VPE proteins are N-linked glycosylated in the yeast cells, but not in plant cells

We previously reported that a 37-kDa VPE purified from castor bean is not a
glycoprotein, although the preproVPE sequence contains two possible sites of N-
glycosylation, Asn-320 and Asn-374, that are included in the mature VPE sequence
(Hara-Nishimura et al., 1993b). Thus, these asparagine residues might not be
susceptible to the glycosyl transferase that is involved in glycosylation of a precursor to
ricin, a major seed protein within the same cells of maturing castor bean. In contrast, the
glycosylated proteins, proVPEsc and mVPEsc, were accumulated in the cells of the yeast
transformed with pYES2-ppVPE, as shown in Figure 3a. They may be glycosylated on
both Asn-320 and Asn-374 each with a 3-kDa oligosaccharide. This suggests that the
substrate specificity of the glycosyl transferase of the yeast is different from that of the

plant enzyme.

A possible manner for self-catalytic proteolytic processing of VPE precursor

The glycosylated 46-kDa VPE exhibited a specific activity similar to the VPE in plants
(Figure 6), an indication that glycosylation of the enzyme showed no effect on the

proteolytic activity of VPE. Deglycosylation from the 46-kDa VPE gave the 40-kDa
VPE and subsequent incubation gave the 37-kDa VPE (Figure 3b). Both 40-kDa and
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37-kDa VPEs were also detected in the crude extract freshly prepared from maturing
seeds (Figure 3b; Hiraiwa er al., 1993). The result indicates that a similar proteolytic
processing of proVPE occurs to generate mature form in yeast and plant cells. The 40-
kDa VPE can be regarded as an intermediate and a stepwise proteolytic processing might
play a role in self-catalytic maturation of VPE.

Recently, a VPE homologue from vetch was shown to act toward aspartic acid as
well as asparagine (Becker ef al., 1995). When used a synthetic peptide, Pro-Ser-Leu-
Asp-Asp-Glu-Phe-Asp-Leu-Glu-Asp-Asp-Ile-Glu-Asn-Pro-Gln-Gly, as substrate, castor
bean VPE favorably cleaved after Asp-Asp sequence (unpublished data). Proteolytic
processing of an N-terminal propeptide of jack bean enzyme occurs after Asp-Asp
sequence that is conserved among various VPEs (Abe et al., 1993; Takeda er al., 1994).
The dipeptide sequence was also conserved around C-terminal processing sites of
various VPEs from castor bean (Hara-Nishimura ef al., 1993b), jack bean (Takeda et al.,
1994), soybean (Shimada et al., 1994), pumpkin (unpublished data) and Arabidopsis
(Kinoshita ef al., 1995a; Kinoshita er al., 1995b). Two Asp-Asp sequences were found
at 54th through 57th residues and at 429th and 430th residues of castor bean VPE. It
seemed therefore that proVPE might be converted to the 40-kDa intermediate by a self-
catalytic removal of N- and C-terminal propeptides at the C-terminal side of the Asp-Asp
dipeptides. The substrate specificity toward aspartic acid by VPEs remains to be solved.

We previously proposed that the Asn-374 located in the most hydrophilic region of
proVPE sequence was a possible cleavage site to produce mature 37-kDa VPE of castor
bean. Abe et al. (1993) reported that the jack bean enzyme could not cleave a peptide
bond on C-terminal side of N-glycosylated asparagine residues. Thus, if Asn-374 is
glycosylated in the yeast, the residue could not be involved in self-catalytic processing of
VPE protein. The 37-kDa VPE was detected only in the in vitro reactions after
deglycosylation of the 46-kDa VPE (Figure 3b). Thus, it is likely that deglycosylation
might make the Asn-374 susceptible to active VPE itself. The 40-kDa VPE might be
converted to the 37-kDa VPE of the final form by a self-catalytic cleavage at Asn-374.
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Asn-374 of castor bean VPE is not conserved among various VPE homologues
(Hara-Nishimura ef al., 1995). The molecular masses of VPE homologues are generally
in the range 33-39 kDa (Abe et al., 1993; Becker et al., 1995; Hara-Nishimura et al.,
1991; Shimada et al., 1994; Kembhavi et al., 1993). Thus, we could not exclude the
possibility that final processing site for removal of C-terminal fragment was varied

among VPE homologues.

Plant VPE take over the function of proteinase A responsible for maturation of yeast

vacuolar proteins

The proCPY is known to be processed to form mCPY on the C-terminal side of Asn-111
(Valls er al., 1987). It was reported that the pep4 strain accumulates proCPY, but not
mCPY (Jones ef al., 1982). However, the pep4 transformant cells expressing VPE
proteins accumulated mCPY, but not proCPY, as shown in Figure 7. Previously we
proposed that the VPE recognizes exposed asparagine residues on the molecular surface
of proprotein precursors to various vacuolar proteins in plants (Hara-Nishimura ez al.,
1991). This suggests that the expressed and activated VPE mediated the maturation of
CPY instead of proteinase A. The present study suggests that the seed-type VPE plays a

role in maturation of vacuolar proteins in the lytic vacuoles of the yeast cells.

Experimental procedures

Yeast strains, culture conditions and transformation

Yeast PEP4 strains (YW23-5A; MATa leu2 ura3-52) and pep4 strains (YW7-6D; MATa

leu2 ura3-52 pep4-3) of Saccharomyces cerevisiae were donated by Dr. Y. Wada

(University of Tokyo) and used as hosts for transformation. Synthetic medium [SC

medium; 0.17% yeast nitrogen base without amino acids (Difco, Detroit, MI, USA)]
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containing casamino acid (2%), adenine sulfate (20 mg/l), tryptophan (20 mg/l), leucine
(30 mg/1) and histidine (20 mg/1) was used. Cells were grown to stationary phase in the
above media supplemented with 2% raffinose (SC-raffinose medium) to enhance
induction of expression. The cells were then grown in media supplemented with 2%
glucose (SC-glucose medium) or 5% galactose (SC-galactose medium) and harvested for
an immunoblot analysis. These cells were transformed by the lithium method with
modifications (Ito ef al., 1983; Schiestel and Gietz, 1989). Transformant cells were

selected for uracil prototrophy.

Construction of plasmids

The entire reading frame of the cDNA insert of precursor (ppVPE) of castor bean VPE
(Hara-Nishimura ef al., 1991) was amplified by PCR using Pfu DNA polymerase
(Stratagene, La Jolla, CA, USA) according to the manufacturer's instructions. The PCR
primers were designed to contain the Pvull site at the 5'-terminus and Xhol site at the 3'-
terminus, respectively, for a directional cloning. The amplified 1494-bp fragment for
ppVPE was ligated into a Pvull-Xhol digested expression vector of pYES2 (Invitrogen,
USA) to generate a construct containing the cDNA flanked with the yeast GAL/
promoter and CYCI termination sequences of the plasmids. The nucleotide sequence of
the cDNA with pYES2 was determined with an automatic DNA sequencer (model 373A;
Perkin Elmer/Applied Biosystems, Foster City, CA, USA) to confirm no mismatches to

the sequence of the original cDNA.
Preparation of yeast cell lysates and immunoblot analysis
Whole cell lysates were prepared from either SC-glucose or SC-galactose-grown

transformant cells, as described previously (Wada er al., 1992). Cells were collected by
centrifugation, sheared mechanically with glass beads (Sigma, St. Louis, MO, USA) and
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lysed in SDS sample buffer or 20 mM Tris-HCI (pH 7.5) that contained 1 mM
phenylmethanesulfonyl fluoride (PMSF).

Aliquots of the lysates were subjected to SDS-PAGE and subsequent immunoblot
analysis. Immunoblot analysis was performed essentially as described previously (Inoue
et al., 1995). The separated proteins on SDS-PAGE gels were transferred
electrophoretically to a GVHP membrane (Nihon Millipore, Tokyo, Japan). The
membrane blot was incubated for 1 h with either VPE-specific antibodies (diluted 1000-
fold; against a fusion protein composed of a maltose-binding protein and a vacuolar
processing enzyme from castor bean that had been expressed in E. coli.) or CPY-specific
antibodies (diluted 2000-fold; donated by Dr. Y. Wada in University of Tokyo).
Horseradish peroxidase-conjugated antibodies raised in goat against rabbit IgG (Cappel,
West Chester, PA, USA) were diluted 10000-fold. Immunodetection was performed
with an ECL kit (Amersham Japan, Tokyo) in accordance with the manufacturer's
directions.

Deglycosylation treatment with N-glycosidase F

Total proteins were extracted in 20 mM Tris-HCI (pH 7.5) with 1 mM PMSF from the
transformant cells (pep4 strains; YW7-6D). To remove oligosaccharides, the proteins
(50 pg) were treated with 1 unit of N-glycosidase F (Amersham Japan) at 37 °C for 15 h.
The deglycosylated proteins were subjected to SDS-PAGE on an 8-12.5% acrylamide gel
in the presence of 2-mercaptoethanol and then to immunoblot analysis with either VPE-

specific antibodies or CPY-specific antibodies.
Subcellular fractionation of the transformant cells
The transformant cells (pep4 strains; YW7-6D) were grown in 20 ml of SC-glucose

medium to 0.4 absorbance unit at 600 nm and were then grown in SC-galactose at 30 °C

for 12 h. The cells collected by centrifugation were resuspended in 0.1 M Tris-SO4 (pH
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9.5) with 20 mM 2-mercaptoethanol and then incubated for 20 min at 30 °C. The
mixture was further incubated in YP medium (1% yeast extract and 2% polypeptone)
with 1.3 M sorbitol and 62.5 units of Zymolyase (Seikagaku Corporation, Tokyo,
Japan) for 20 min at 30 “C. The spheroplasts collected were suspended in 0.1 M Tris-
HCl (pH 7.5) with 1.2 M sorbitol, 10 mM EDTA and 1 mM PMSF.

For subcellular fractionation, the spheroplasts were burst in 0.1 M Tris-HCI (pH
7.5) containing 0.25 M sucrose, 10 mM EDTA, 1.25 mg BSA and 1 mM PMSF and the
lysate was subjected to differential centrifugations as described previously (Horazdovsky
and Emr, 1993; Nishikawa and Nakano, 1991). The lysates were centrifuged at 13 000
g for 15 min to generate supernatant (S13) and pellet (P13) fractions. The S13 fraction
was further centrifuged at 100 000 g for 30 min, yielding supernatant (S100) and pellet
(P100) fractions. The P13 fraction was regarded as a vacuole-rich fraction. Proteins in
each of P13, S100 and P100 fractions were precipitated in 10% trichloroacetic acid and
then resuspended with SDS sample buffer. These preparations were subjected to SDS-
PAGE and subsequent immunoblot analysis with either VPE-specific antibodies or CPY-

specific antibodies.

Isolation and suborganellar fractionation of protein bodies from dry seeds of castor bean

Protein bodies were prepared from dry seeds of castor bean by the glycerol-isolation
method, as described previously (Hara-Nishimura ef al., 1982; Hiraiwa ef al., 1993).
Both light-microscopic examination and assays of marker enzymes indicated that the
isolated protein bodies were not contaminated by other cell organelles or cytoplasmic
components. After lysis of the protein bodies by addition of a hypotonic buffer solution
of 10 mM Tris-HCI (pH 7.5), the homogenate was centrifuged at 100 000 g for 20 min
at 4 *C, to remove an insoluble crystalloids that were composed of the major seed
proteins, 118 globulin. The supernatant fraction containing 0.04 munits of VPE activity
was subjected to SDS-PAGE and subsequent immunoblot analysis with VPE-specific

antibodies.
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For preparation of a crude extract from castor bean endosperm, 1 g fresh weight of
endosperm was homogenized with 2 ml of 10 mM Tris-HCI (pH 7.5) on ice and was
centrifuged twice at 20 000 g for 15 min at 4 "C, The supematant solution was used as

a crude extract from castor bean as described before (Hiraiwa ef al., 1993).

Assay for vacuolar processing activity

Activity of vacuolar processing enzyme was assayed essentially as described previously
(Hara-Nishimura ef al., 1991). A chemically synthesized decapeptide, Ser-Glu-Ser-
Glu-Asn-Gly-Leu-Glu-Glu-Thr, was used as the substrate. The peptide sequence was
derived from the sequence around the processing site of proglobulin, the proprotein
precursor of 118 globulin, a major seed protein of pumpkin (Hayashi er al., 1988). The
reaction mixture contained 4.5 nmol of the decapeptide substrate and the crude extract in
5 ! of 20 mM sodium acetate (pH 5.5), 0.1 M dithiothreitol and 0.1 mM EDTA. The
mixture was incubated for 3 h at 37 °C and the products of the reaction were subjected to
analytical capillary electrophoresis (model 270A; Perkin Elmer/Applied Biosystems,
Foster City, CA, USA) at 30 "C and 20 kV in 10 mM sodium borate buffer (pH 9.0).
Electrophoresis was monitored in terms of absorbance at 200 nm. The vacuolar
processing enzyme cleaves only the peptide bond on the C-terminal side of the asparagine
residue of the substrate decapeptide to generate an N-terminal pentapeptide P1 and a C-
terminal pentapeptide P2. One unit of activity was defined as the amount that liberated 1

mmol of pentapeptide P2 per min under these conditions.

In vivo processing of proCPY into mature CPY in proteinase A-deficient strain

transformed with pYES2-ppVPE
Proteinase A-deficient strain (pep4; YW7-6D) was transformed with pYES2-ppVPE and

was then grown in the SC- galactose medium for 15 h. The pep4 strain was also

transformed with pYES2 and was then grown in the SD-galactose medium for 15 h,
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(lane 3) or with pYES2 (lane 4). The cells collected were subjected to immunoblot
analysis with CPY-specific antibodies.
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Figure legends

Figure 1. PEP4-independent expression and accumulation of two molecular forms of
castor bean VPE in the yeast cells transformed with pYES2-ppVPE.

Both wild-type strain (PEP4; lanes 1 and 2) and proteinase A-deficient strain (pep4; lanes
3 and 4) of Saccharomyces cerevisiae were transformed with pYES2-ppVPE. These
transformants were grown to stationary phase in the SC-raffinose medium, before they
were grown in the SC-glucose (lanes 1 and 3) or the SC-galactose (lanes 2 and 4) for 8
h. The same number (2 x 107) of the cells of each transformant was subjected to SDS-
PAGE and subsequent immunoblot analysis with VPE-specific antibodies. The yeast
pep4 strain transformed with pYES2 was also grown in the SC-galactose medium for 8 h
and then harvested for immunoblot analysis (lane 5). Two immunopositive bands of 59
and 46 kDa were found on the blots. The molecular mass of each marker protein is

given on the right in kDa.

Figure 2. Conversion of a 59-kDa VPE precursor to a 46-kDa VPE in the pep4
transformant during incubation in the SC-galactose medium.

The pep4 cells transformed with pYES2-ppVPE were grown in the SC-galactose
medium for 1 to 25 h. The cells were harvested at the time indicated. Total proteins (10
jLg) of the cells were subjected to SDS-PAGE and subsequent immunoblot analysis with
VPE-specific antibodies. proVPEsc and mVPEsc indicate the 59-kDa VPE precursor
and the 46-kDa mature VPE, respectively. The molecular mass of each marker protein is

given on the right in kDa.

Figure 3. Both the 59-kDa proVPEsc and 46-kDa mVPEsc were glycosylated in the

transformant cells.

(a) The pep4 cells transformed with pYES2-ppVPE were grown in the SC-galactose
medium for 1 h (lanes 1 and 2) and 25 h (lanes 3 to 6). Each cell lysate was incubated in

the absence (lanes 1, 3 and 5) or presence (lanes 2, 4 and 6) of N-glycosidase F at 37 °C
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for 15 h. The reaction products were subjected to SDS-PAGE and subsequent
immunoblot analysis with either VPE-specific antibodies (anti-VPE; lanes 1 to 4) or
CPY-specific antibodies (anti-CPY; lanes 5 and 6). mCPY and mCPYAY indicate
mature CPY and deglycosylated mature CPY, respectively. (b) A crude extract from
maturing endosperm of castor bean seeds (lane 1) and the deglycosylated mature VPE
that was further incubated (lane 2) were subjected to immunoblot analysis as described

above. The molecular mass of each marker protein is given on the right in kDa.

Figure 4. Both the 59-kDa proVPEsc and 46-kDa mVPEsc were localized in the
vacuoles of the transformant cells.

The pep4 cells transformed with pYES2-ppVPE were grown in the SC-galactose
medium for 15 h. Spheroplasts from the cells were subjected to differential
centrifugations for subcellular fractionation. Total cells (lane 1), S100 fraction (lane 2),
P13 fraction (lane 3) and P100 fraction (lane 4) were subjected to SDS-PAGE and
subsequent immunoblot analysis with either VPE-specific antibodies (anti-VPE; upper
panel) or CPY-specific antibodies (anti-CPY; lower panel). mCPY indicates mature
CPY.

Figure 5. Increase in the level of the vacuolar processing enzyme activity in the
transformant cells during incubation in the SC-galactose medium.

The pep4 cells transformed with pYES2-ppVPE were grown in the SC- galactose
medium for 1 to 25 h. Vacuolar processing enzyme activity was assayed with a
synthetic decapeptide as substrate (see text for details). The products of the reaction
were analyzed by capillary electrophoresis. The units of enzymatic activity are defined

in the text.

Figure 6. Comparison of the specific activity of VPE in the transformant cells with that
of VPE from castor bean endosperm.
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VPEs were prepared either from the pep4 cells transformed with pYES2-ppVPE or
from the protein bodies isolated from dry seeds of castor bean. The cell lysate of the
transformant with 0.04 munit of VPE activity (lane 1) and the soluble fraction of the
protein bodies with 0.04 munit of VPE activity (lane 2) were subjected to SDS-PAGE

and subsequent immunoblot analysis with VPE-specific antibodies.

Figure 7. In vivo processing of proCPY to make mature CPY in proteinase A-deficient
strain transformed with pYES2-ppVPE.

Non-transformants of wild-type (PEP4) strain (lane 1) and proteinase A-deficient (pep4)
strain (lane 2) and the pep4 transformants with pYES2-ppVPE (lane 3) and with pYES2
(lane 4) were subjected to SDS-PAGE and subsequent immunoblot analysis with CPY-

specific antibodies. proCPY and mCPY indicate CPY precursor and mature CPY.
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SUMMARY

To understand the mechanism of the maturation of various proteins in protein-storage
vacuoles, we purified a 48-kDa aspartic proteinase composed of a 32-kDa and a 16-kDa
subunits from castor bean. Immunocytochemical and cell fractionation analyses of the
endosperm of maturing castor bean seed showed that the aspartic proteinase was localized
in the matrix of the protein-storage vacuoles, where a variety of seed storage proteins were
also present. The amount of the aspartic proteinase increased at mid-maturation stage of
the seeds prior to the accumulation of the storage proteins. To determine how the aspartic
proteinase is responsible for maturation of seed proteins in concert with the vacuolar
processing enzyme, we prepared [SSS}proprotei.ns of seed proteins from the endoplasmic
reticulum fraction of pulse-labeled maturing endosperm and used the authentic proproteins
as substrates for in vitro processing experiments. The purified aspartic proteinase was
unable to convert any of three endosperm proproteins, pro2S albumin, proglobulin and
proricin, into their mature sizes, while the purified vacuolar processing enzyme could
convert all three proproteins. We further examined the activity of aspartic proteinase on the
cleavage of an internal propeptide of Arabidopsis pro2S albumin, that was well known to
be post-translationally removed. The aspartic proteinase cleaved the propeptide at three
sites under the acidic condition. These results suggest that aspartic proteinase cannot
directly convert pro2S albumin into the mature form, but it may play a role in trimming the
C-terminal propeptides from the subunits that are produced by the action of the vacuolar

processing enzyme.

Keywords: aspartic proteinase; proprotein processing; storage proteins; vacuolar

processing enzyme; protein-storage vacuole;



INTRODUCTION

Proprotein precursors of various seed proteins, such as 11S globulin, 2S albumin and
lectins, are processed post-translationally to yield the mature proteins [1]. Most of the
processing sites are on the C-terminal side of an asparagine residue [2]. We succeeded
previously in purifying a vacuolar processing enzyme, a novel cysteine proteinase, from
castor bean (Ricinus communis) that specifically cleaves a peptide bond on the C-terminal
side of an asparagine residue of different proproteins to generate the mature size proteins [2-
4]. Some seed proteins, however, contain an internal propeptide and/or a C-terminal
propeptide that must be removed [5-7]. Thus, proteolytic cleavages at amino acid residues
other than asparagine residues must also be necessary to remove these propeptides. The
detailed mechanism for the post-translational processing of vacuolar proteins is still
obscure.

2S albumin is one of the best characterized proteins that are localized in protein-
storage vacuoles [5]. We demonstrated that the vacuolar processing enzyme cleaves a
peptide bond on the C-terminal side of two asparagine residues of proprotein precursor of
28 albumin (pro2S albumin) in pumpkin to generate the mature size protein [3, 8]. The
two asparagine residues are conserved in pro2S albumins of various plants [8]. However,
pro2S albumin in Brazil nut lacks the second asparagine residue and the intermediate
precursor accumulates in the maturing seed for more than 2 months before it is further
processed to the mature form [9]. This result suggested that a proteolytic enzyme other
than the vacuolar processing enzyme might be involved in the final processing of the
intermediate precursor to produce the mature 28 albumin, It remains to be determined
when and how the subsequent cleavage occurs in the protein-storage vacuoles.

Pro2S albumins in Arabidopsis [5], Brassica [10, 11] , castor bean [6, 7] and Brazil
nut [12, 13] contain an internal propeptide between the two subunits of the mature protein.
The propeptide must be proteolytically removed during seed maturation. Recently,

D'Hondt et al. [14] reported that an aspartic proteinase from Brassica napus cleaves a



synthetic peptide containing the internal propeptide of pro2S albumin-2 of Arabidopsis.
This suggested that a coordination of the aspartic proteinase and the vacuolar processing
enzyme might mediate post-translational processing of pro2S albumin. Runeberg-Roos ef
al. showed that the barley aspartic proteinase is localized in vacuoles of leaf and root cells
[15, 16]. It needs to be determined whether an aspartic proteinase is also localized in
protein-storage vacuoles of maturing seeds.

Aspartic proteinases have been found in a variety of plant seeds [17]. A precursor to
the barley aspartic proteinase [18] is similar to mammalian and yeast aspartic proteinases
[19], but a 104-residue insertion is found at the same position as intron 7 in mammalian
aspartic proteinases [18]. The insertion is replaced by Loop 6 in the lysosomal aspartic
proteinase, cathepsin D [20]. The precursor to the plant enzyme is post-translationally
cleaved in the inserted region to make a two-chain enzyme [18, 21]. Runeberg-Roos ef al.
reported that an aspartic proteinase participates in processing the C terminus of barley lectin
[15]. The involvement of aspartic proteinases in the maturation of storage proteins,
including 2S albumins, needs to be examined.

This study was designed to determine how the aspartic proteinase is involved in the
post-translational processing in concert with the vacuolar processing enzyme. We purified
both an aspartic proteinase and a vacuolar processing enzyme from protein-storage vacuoles
of castor bean and prepared authentic proprotein precursors from the endoplasmic reticulum
(ER) and transport vesicle fractions of maturing seeds as substrates for an in vitro
processing assay to understand the mechanism of the maturation of various proteins in plant

vacuoles.

MATERIALS AND METHODS

Materials. Dry seeds of castor bean (Ricinus communis) were directly used for

isolation of protein-storage vacuoles, and the maturing endosperm was pulse-labeled to



prepare [358]-labeled proprotein precursors of the seed proteins, as described below. To
obtain maturing seeds, castor bean was grown in a greenhouse. Maturing endosperm
tissues were harvested at the early, middle and late stages of seed maturation (stages I, I1
and ITI) as described previously [22]. These stages corresponded to 15 to 20 days, 25to
30 days, and 35 to 40 days after anthesis, respectively [22]. To obtain seedlings, castor
bean seeds were soaked in water overnight, planted at 25 “C in the dark and allowed to
germinate and grow in coarse vermiculite for up to 8 days. Endosperm tissues were
harvested from seedlings of the desired ages.

Pumpkin (Cucurbita sp. cv, Kurokawa Amakuri Nankin) seeds were purchased from
Aisan Shubyo Seed Co. (Nagoya, Japan). The seeds were planted in the field during the
summer. The cotyledonous tissues of the maturing seeds were freshly harvested 25 to 30

days after anthesis and were used for the following experiment.

Isolation and suborganellar fractionation of protein-storage vacuoles.
Protein-storage vacuoles (protein bodies) were prepared from dry seeds of castor bean by
the glycerol-isolation method, as described previously [23, 24]. Both light-microscopic
examination and assays of marker enzymes indicated that the isolated protein-storage
vacuoles were not contaminated by other cell organelles or cytoplasmic components. After
lysis of the protein-storage vacuoles by addition of a hypotonic buffer solution of 10 mM
Tris/HCI pH 7.5, the homogenate was separated into a soluble matrix and an insoluble
crystalloid by centrifugation at 100000 g for 20 min at 4 *C. The crystalloid was composed
of the major seed proteins. The matrix fraction was used as a starting material for

purification of aspartic proteinase.

Purification of the aspartic proteinase. The soluble matrix fraction of protein-
storage vacuoles was suspended in a buffer of 50 mM sodium acetate pH 3.5 and 0.2 M
NaCl and was sequentially subjected to centrifugation to remove insoluble proteins. The
supernatant solution was applied to a column packed with 2 ml of pepstatin A agarose

(Sigma, St. Louis, MO, USA). The pepstatin A agarose was washed with 4 ml of 50 mM



sodium acetate pH 3.5 and 0.2 M NaCl and then with 10 ml of 50 mM Tris/HC1 pH 7.5
and 0.2 M NaCl. Elution of the aspartic proteinase was performed with 50 mM sodium
bicarbonate pH 10.0 and 0.2 M NaCl. The affinity chromatography with pepstatin A

agarose was repeated twice to obtain a pure aspartic proteinase.

N-terminal amino acid sequence of the aspartic proteinase. The purified
aspartic proteinase was subjected to SDS-PAGE with 2-mercaptoethanol on a 15%
acrylamide gel and the separated subunits of the enzyme were electrophoretically transferred
to a ProBlott T™M membrane (Perkin Elmer/Applied Biosystems, Foster City, CA, USA).
The subunits with molecular masses of 32, 29 and 16 kDa were subjected to automatic
Edman degradation on a protein sequencer (model 476A, Perkin Elmer/Applied
Biosystems, Foster City, CA, USA).

Isolation and nucleotide sequence of a cDNA for an aspartic proteinase.
A degenerate oligonucleotide, 5-GATACTGGTTC(GATC)TC(GATC)AA(CT)CTITGGGTICC-3',
was designed on the basis of the conserved sequence of an active site of aspartic proteinases
(DTGSSNLWYVP) and synthesized on a DNA synthesizer (Pharmacia LKB Biotechnology,
Sweden). A cDNA library was constructed with a vector (pTTQ18) primer and the
poly(A)*RNA from maturing pumpkin cotyledons as previously described by Mori er al.
[25]. Escherichia coli cells (Epicuriancoli SCS1 cells that originated from DH1 cells;
Stratagene, USA) were transformed with the cDNA and were screened by a colony
hybridization method using the oligonucleotide as probe to obtain a cDNA clone for
pumpkin aspartic proteinase.

Deletion mutants of both sense and antisense strands of the cDNA insert were
constructed. Nucleotide sequences were determined by the dideoxy chain-termination
method with Sequenase Version 2.0 (United States Biochemical Corporation, USA)

according to the manufacturer's directions.

Production of specific antibodies against the purified aspartic

proteinase. The purified aspartic proteinase was injected subcutaneously into a rabbit



with complete Freund's adjuvant. After 3 weeks, two booster injections with incomplete
adjuvant were given at 7-day intervals. After 1 week, blood was drawn and the antibodies
were prepared. The specificity of the antibodies to the aspartic proteinase was confirmed by
immunoblots of the crude extracts of the maturing endosperm (data not shown) and the

isolated protein-storage vacuoles (Fig. 2).

Immunoblot analysis. Sample extracts were subjected to SDS-PAGE on a 15%
acrylamide gel in the absence of 2-mercaptoethanol and the separated proteins on the gels
were electrophoretically transferred to a PVDF (polyvinylidene difluoride) membrane (0.22
pm; Nihon Millipore Ltd., Tokyo, Japan). The membrane blot was incubated in Tris-
buffered saline (50 mM Tris/HCl pH 7.5 and 0.15 M NaCl), 0.05% (v/v) Tween 20 and
3% (w/v) skim milk and subsequently incubated in the same solution with antibodies
against the aspartic proteinase (diluted 2000-fold) for 1 h. Alkaline phosphatase-
conjugated goat antibodies against rabbit IgG (diluted 2000-fold; Cappel, France) were
used as second antibodies [26]. The levels of the signal on the blot were determined with a

densitometer (AE-6920-M, ATTO Corporation, Tokyo, Japan).

Immunocytochemical analysis. Endosperms of castor bean were harvested at the
middle stage of seed development and were cut into 1-mm-thick slices with a razor blade.
The slices were treated for 2 hr with a fixative that contained 4% paraformaldehyde and 1%
glutaraldehyde in 0.05 M cacodylate buffer pH 7.4. The sections were dehydrated in a
graded ethanol series at -20 °C and embedded in LR White (The London Resin Co. Ltd.,
UK). Thin sections were cut with a diamond knife in an ultramicrotome (Pharmacia LKB
Biotechnology, Sweden) and mounted on nickel grids. Immunocytochemical procedures
for labeling with protein A-gold were essentially the same as those described earlier by
Nishimura et al. [27]. Ultrathin sections were incubated at room temperature for 1 hr with
either antibodies against the aspartic proteinase (diluted 2000-fold) or antibodies against
castor bean 118 globulin, a major storage protein (diluted 2000-fold) in the blocking
solution, and then with 25-fold diluted protein A-gold (15 nm; Amersham Japan, Tokyo) at



room temperature for 30 min. The sections were examined under an electron microscope at

80 kV (1200EX; JEOL, Japan).

Effects of inhibitors on degradation of hemoglobin by the aspartic

proteinase. The inhibitor studies were performed using hemoglobin as substrate

essentially as described previously [28]. The reaction mixture contained 100 pl of 5%
hemoglobin, 40 pul of enzyme solution and 360 pl of 0.1 M sodium acetate buffer pH 5.5
with or without each inhibitor. Inhibitors and their concentrations were pepstatin A (1
mM), EDTA (1 mM), N-ethylmaleimide (NEM, 1 mM) and phenylmethylsulfonyl fluoride
(PMSF, 1 mM). The reactions were allowed to proceed for 1 hr at 37 °C, and then
stopped by addition of 400 pl of 10% trichloroacetic acid (TCA). The amount of TCA-

soluble products of the reaction was measured by absorbance at 280 nm_

Purification of a vacuolar processing enzyme. A vacuolar processing enzyme
was purified from the soluble matrix fraction of protein-storage vacuoles of castor bean, as
described previously [3]. The vacuolar processing enzyme was assayed with capillary
electrophoresis as described previously [24]. To determine the optimum pH, the various

buffer solutions (each 0.1 M) described below were used.

In vitro processing of proprotein precursors in the ER. Three pairs of
maturing endosperm of castor bean were pulse-labeled with TRAN33S-Label (1.9
MBg/endosperm; 37.8 TBq/mmol; ICN Biomedicals Inc., USA) for 1 hr as described
previously [3, 22, 29, 30]. The endosperms were rinsed three times with a 10 mM
solution of unlabeled methionine and cysteine and were placed on filter paper moistened
with water to chase the label. After a chase period of 1 h, the labeled endosperms were
homogenized by chopping with a razor blade in a solution of 150 mM Tricine/KOH pH
6.5, 1 mM EDTA and 13% (w/w) sucrose. The homogenate was filtered through one
layer of cheesecloth. The filtrate was loaded on a stepwise sucrose gradient and
centrifuged in an ultracentrifuge (Hitachi, Japan) at 60000 g for 1 h, as described
previously [8, 22, 30]. Both the ER and vacuoles were collected. [35S]-labeled



proprotein precursors of the seed proteins located in the ER fraction were used as substrate
for in vitro processing. The vacuolar processing enzyme (0.4 munits) was mixed with an
aliquot of the ER in 20 pl of 0.1 M sodium acetate pH 5.5, 0.1 M dithiothreitol and 0.1 mM
EDTA with or without NEM. Alternatively, the aspartic proteinase (0.4 munits) was
mixed with an aliquot of the ER in 20 pl of 0.1 M sodium acetate pH 5.5 with or without
pepstatin A. The reactions were incubated for 0, 5 and 30 min at 37 °C. The reaction
products were subjected to SDS-PAGE on a 15% acrylamide gel and then analyzed with a
Bio-Imaging Analyzer (BAS 2000; Fuji Film, Tokyo, Japan). The identity of each
precursor and its corresponding mature form was confirmed by immunoprecipitation

analysis or by its molecular mass.

Determination of the cleavage sites of a substrate peptide by the aspartic
proteinase. An 18-amino acid peptide was synthesized with a peptide synthesizer (model
430A, Perkin Elmer/Applied Biosystems, Foster City, CA, USA). The sequence,
PSLDDEFDLEDDIENPQG, was derived from the sequence containing an internal
processing fragment that is post-translationally removed from the proprotein precursor of
28 albumin-2 of Arabidopsis thaliana [5]. The peptide (100 nmol) was incubated with the
aspartic proteinase in 25 pl of 0.1 M citrate phosphate buffer pH 3.0 for 30 min at 37 *C.
The products of the reaction were separated by HPLC. The amino acid composition of

each HPLC peak fraction was determined with a Hitachi 835 Amino Acid Analyzer.

Proteolytic activity of the aspartic proteinase. The reaction mixture contained
6 nmol of the substrate peptide and the aspartic proteinase in 5 pl of 20 mM sodium acetate
pH 3.0 and 0.1 mM EDTA. The reactions were allowed to proceed for 10 to 30 min at 37
*C. The products of the reaction were subjected to analytical capillary electrophoresis
(model 270A; Applied Biosystems, USA) at 30 "C and 20 kV in 10 mM sodium borate pH
9.0. Electrophoresis was monitored in terms of absorbance at 200 nm. One unit of
activity was defined as the amount that liberated 1 pmol of the heptapeptide P2 (see Fig. 6)

in 1 min at 37 °C.

10



To determine the optimum pH, the purified aspartic proteinase was incubated with 6
nmol of the substrate peptide in 5 pl of various buffer solutions (each 0.1 M) and 0.1 mM
EDTA. Buffer solutions used were glycine/HCI pH 2.5, sodium acetate pH 3.5 to 5.5,
citrate phosphate pH 6.0 to 7.0 and Tris/HCI pH 7.5 to 8.5. The reactions were incubated

for 30 min at 37 °C and then subjected to capillary electrophoresis.

RESULTS

Aspartic proteinase purified from protein-storage vacuoles of the seeds of
castor bean. Aspartic proteinase was purified from the soluble fraction of protein-
storage vacuoles of castor bean with pepstatin A-agarose. The activity of the purified
enzyme on hemoglobin was completely inhibited by 1 mM pepstatin A, but not by 1 mM of
EDTA, NEM or PMSF. The final preparation of the enzyme gave two distinct bands of 48
kDa and 29 kDa on an SDS gel with Coomassie blue staining, as shown in Fig. 1a (lane 2).
With a reducing agent, the 48-kDa enzyme was separated into 32-kDa and 16-kDa subunits
(Fig. 1a, lane 1), indicating that the 48-kDa aspartic proteinase was composed of two
subunits linked by one or more disulfide bonds. In contrast, the reducing agent did not
affect the mobility of the 29-kDa subunit on the SDS gel (Fig. 1a, lanes 1 and 2). This
suggested that either the 29-kDa subunit or the subunit it binds to lacks a cysteine residue
needed for the formation of a disulfide bond. An 11-kDa subunit, a possible counterpart of
the 29-kDa subunit, was difficult to detect on the gel with Coomassie blue staining. This
might be due to a low stainability of the molecule.

This result raised the question of whether the 29-kDa subunit is another isoform of
aspartic proteinases or a degradation product of the 32-kDa subunit of the enzyme. To
answer this question, the N-terminal amino-acid sequences of the 32-kDa and 29-kDa
subunits were determined. The N-terminal sequence of the 32-kDa subunit

(DAFDTDIVALKNYLDAQY) was different from that of the 29-kDa subunit
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(GDSKDTDIVALKNYLDAQY). The N-terminal Asp-1 of the 32-kDa subunit
corresponded to the second amino acid of the 29-kDa subunit. Ala-2 and Phe-3 of the 32-
kDa subunit were replaced with Ser-3 and Lys-4 in the sequence of the 29-kDa subunit,
respectively. This result strongly suggested that two isoforms of aspartic proteinase exist
in the endosperm of castor bean: one is linked by one or more disulfide bond(s) and the
other is not.

The N-terminal amino acid sequences of the subunits were aligned with sequences of
precursors of the aspartic proteinases of a dicot (pumpkin, this study), a monocot (barley)
[18] and yeast [19], as shown in Fig. 1b. The precursor sequence of the pumpkin enzyme
was deduced from the nucleotide sequence of a cDNA that was isolated from a library [31]
made from the maturing pumpkin seeds. The deduced precursor is 66% identical in amino
acid sequence to the aspartic proteinase of a monocot (barley).

The N-terminal amino acid sequences of the subunits of castor bean aspartic protease
(underlined in Fig. 1b) more closely match the sequence of pumpkin than that of barley.
The N-terminal sequence of the 16-kDa subunit, DAMXSTX (X, no amino acid detected),
starts at Asp-384 of the precursor of pumpkin aspartic protease (underlined Fig. 1b). After
a co-franslational cleavage of the signal peptide at the C-terminal side of Ala-25 [32], post-
translational cleavages to remove both the N-terminal propeptide and an internal propeptide
take place to generate the heterodimeric enzyme composed of 32-kDa and 16-kDa subunits.

The post-translational removal of the N-terminal propeptide to generate the 29-kDa
subunit might occur at a site one residue preceding the cleavage site that generates the 32-
kDa subunit. Runeberg-Roos et al. suggested that an NPLR sequence just before the
cleavage site of the barley enzyme may be a vacuolar targeting signal (double-underlined in
Fig. 1b)[15] . However, the pumpkin enzyme has no NPLR sequence in the same
propeptide region (Fig. 1b). The finding suggests another targeting signal might be exist

in the proenzyme sequence.
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Cellular distribution of the aspartic proteinase and associated changes in its
level during development. To determine the intracellular localization of aspartic
proteinase, we prepared antibodies against the enzyme purified from castor bean and
performed both immunoblot and immunocytochemical analyses with the antibodies.
Protein-storage vacuoles were highly purified from dry seeds. A homogeneous band of 48
kDa was detected on the immunoblot of the protein-storage vacuoles under non-reducing
conditions (Fig. 2, lane 4). Each protein-storage vacuole of castor bean contains a
crystalloid composed of 118 globulin, a major storage protein [33]. The protein-storage
vacuoles were burst and separated by centrifugation into two suborganellar fractions: a
soluble matrix and the insoluble crystalloids plus membranes [31]. Under the
centrifugation conditions, Ricinus communis agglutinin (RCA), ricin and 2S albumin were
precipitated together with 118 globulin (Fig. 2, lane 3). The immunoblot of the two
fractions showed that the aspartic proteinase was localized in the soluble matrix fraction of
the protein-storage vacuoles, but not in the insoluble fraction (Fig. 2, lanes 5 and 6).

To further localize the aspartic proteinase in maturing seeds of castor bean, we
performed an immunocytochemical analysis with antibodies against either the aspartic
proteinase or 11S globulin. Fig. 3a shows that the aspartic proteinase was localized in the
matrix region of the protein-storage vacuoles, but not in the crystalloid. This is consistent
with the results obtained with protein-storage vacuoles of dry seeds (Fig. 2, lanes 5 and 6).
In contrast, 118 globulin was distributed in both the vacuolar matrix and crystalloid in the
maturing endosperm (Fig. 3b). These results indicated that the aspartic proteinase was
localized in the vacuolar matrix together with a major storage protein during seed
maturation.

The co-localization of the aspartic proteinase with a storage protein suggested the
possibility that the enzyme may be involved in maturation of the storage proteins.
Developmental changes in the level of the enzyme in the endosperm tissues of the castor
bean were examined during seed maturation and after seed germination. Storage proteins

of castor bean are actively synthesized and accumulated at 30 to 40 days after anthesis [22],
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as shown in Fig. 4a (stage ITT). The amount of the aspartic proteinase increased at stage II
prior to the accumulation of the storage proteins (Fig. 4b, ¢). In contrast, the amount of
the enzyme decreased after seed germination (Fig. 4b, ¢). The reduction of the enzyme was
associated with a rapid degradation of the storage proteins in the 2 days after germination
(Fig. 4a). This result suggested that the aspartic proteinase might play some role in the

maturation, rather than the degradation, of the storage proteins.

In vitro processing of proprotein precursors of storage proteins. To examine
the ability of the aspartic proteinase to process authentic proprotein precursors, we prepared
an ER fraction, as the ER is where the proproteins are synthesized in maturing castor bean
seeds [22]. At mid maturation of the castor bean, the [355]-1abe1ed endosperm were
fractionated by sucrose density gradient centrifugation. The ER was prepared from the
pulse-labeled endosperm and the protein-storage vacuoles were prepared from the pulse-
chased endosperm. The protein-storage vacuoles contained mature forms of storage
proteins, such as 2S albumin, the small subunit of 11S globulin and RCA plus ricin (Fig.
5,lane 1). The labeled mature proteins were used as size markers of each storage protein
on a Bio-Imaging Plate. In contrast, the ER fraction contained their respective proproteins,
such as pro28S albumin, proglobulin and proRCA plus proricin (Fig. 5, lane 2). These
labeled proproteins were used as substrates for an in vitro proteolytic processing assay.
After these three labeled proproteins, which are located only in the ER, were incubated
without any enzyme, no endogenous proteolysis was observed (Fig. 5, lane 3). The
vacuolar processing enzyme was reported to be synthesized on the rER as an inactive form
[4]. The aspartic proteinase synthesized on the rER might also be inactive. During
incubation of the labeled proproteins with the vacuolar processing enzyme up to 30 min, the
radioactivity in all three proproteins decreased, while there was a concomitant increase in
the radioactivity of the mature proteins (Fig. 5, lanes 2, 4 and 5). The size of each product
was the same as the size found in the vacuoles (Fig. 5, lane 1). Processing of the three

precursors was inhibited in the presence of 2 mM NEM (Fig. 5, lane 6), which is an
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inhibitor of the thiol endopeptidase of the vacuolar processing enzyme [3]. On the other
hand, no processing of the labeled proproteins was observed by addition of the aspartic
proteinase (Fig. 5, lanes 7 and 8). This indicated that the vacuolar processing enzyme
mediated the conversion of proproteins into their mature forms, but the aspartic proteinase

had no such ability.

In vitro cleavage of an internal propeptide of pro2S albumin. Pro2S albumins
are reported to contain a linker peptide between the two subunits of the mature protein.
The internal propeptide must be cut out during seed maturation. The removal of the
propeptide might occur after the processing of proproteins by the vacuolar processing
enzyme, To further examine the involvement of the aspartic proteinase in the maturation of
storage proteins, we performed an in vitro excision of the internal propeptide of 28
albumin. Arabidopsis 28 albumin-2 is one of the most characterized storage proteins with
respect to post-translational cleavages [5]. Thus, we synthesized an 18-amino-acid peptide
that contained a sequence of the internal propeptide of the Arabidopsis pro2S albumin-2 [5].
During incubation of the internal propeptide with the aspartic proteinase for 30 min at
pH 3.0, most of Lhe peptide was hydrolyzed to produce five peptide fragments, as shown in
Fig. 6a. The amino acid composition of each peptide fragment revealed that the enzyme
cleaved the internal propeptide at three sites (Fig. 6b, ¢). The first cleavage occurred
between Phe-7 and Asp-8 to produce the P2 and P5 peptides (Fig. 6¢). The second
cleavage occurred between Leu-9 and Asp-10 to produce the P3 and P4 peptides (Fig. 6¢c).
The third cleavage occurred between Asp-12 and Ile-13 to produce the P1 peptide, which
might be a degradation product of P4 and P5 (Fig. 6¢). This suggested that the aspartic
proteinase cleaved peptide bonds in which one of the amino acid residues had a bulky
hydrophobic side chain. This result also suggested that the aspartic proteinase might be
involved in the degradation of the internal propeptide of 28 albumin after conversion of
pro2S albumin into two subunits by the vacuolar processing enzyme. However, these

cleavages of the internal propeptide were not observed at pH 5.5, which is similar to the
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intravacuolar pH of castor bean endosperm [34]. Fig. 7 shows the pH-dependency of the
activity of both the aspartic proteinase and the vacuolar processing enzyme. The aspartic
proteinase was able to cleave the peptide effectively below pH 4.0, and the optimum was
pH 3.0. In contrast, the vacuolar processing enzyme showed little activity at pH 3.0, and
the optimum pH was 5.5. These results suggested that the activity of the aspartic
proteinase was very low in the vacuoles, and that the cleavage of the internal propeptide

might occur slowly (discussed below).

DISSCUSION

Co-localization of the aspartic proteinase with the vacuolar processing
enzyme in the protein-storage vacuoles. Immunocytochemical analysis
demonstrated that the aspartic proteinase was localized in the matrix region of the protein-
storage vacuoles in maturing endosperm of castor bean (Fig. 3). This indicates that the
enzyme is co-localized with the vacuolar processing enzyme [4, 24]. Increases in the
levels of both enzymes during seed maturation (Fig. 4) [24] suggested that these enzymes
might be cooperatively involved in the maturation of seed storage proteins. Proprotein
precursors to seed proteins that are translocated into the vacuoles must be exposed to the
two proteolytic enzymes.

A precursor sequence to a dicot aspartic proteinase was deduced from the isolated
cDNA sequence (Fig. 1). It seemed likely that the precursor synthesized on rER was
transported to the protein-storage vacuoles and then converted into the mature form in the
vacuoles. Previously, we reported that a vacuolar processing enzyme is synthesized on the
ER as an inactive precursor and a removal of the propeptides of the precursors in the
vacuoles is necessary to activate the enzyme [2, 24]. It remains to be solved whether the

precursor to the plant aspartic proteinase has a proteolytic activity.
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The initial proteolytic processing of proproteins is mediated by the vacuolar
processing enzyme. For an in vifro processing assay of the two enzymes, we
prepared an ER fraction from the maturing castor bean seeds and used the authentic
proproteins located in this fraction (including pro2S albumin, proglobulin and
proRCA/proricin) as substrates. All the proproteins were converted into their mature size
by the purified vacuolar processing enzyme, but not by the purified aspartic proteinase (Fig.
5). D'Hondt et al. reported that Brassica aspartic proteinase could process Arabidopsis
pro2S albumin-2 at pH 3.5 [14]. They synthesized pro2S albumin in vitro using rabbit
reticulocyte lysate and then purified it by making two cuts with TCA (5% and 10%). The
possibility that the substrate was denatured by this treatment cannot be excluded. The pH
of the reaction (3.5) that they used is much lower than the intravacuolar pH (discussed
below).

The protein-storage vacuoles isolated from maturing pumpkin seeds contained both a
vacuolar processing enzyme [30] and an aspartic protcinasc (data not shown). We
previously reported that the vacuolar extract could convert proglobulin into the mature
forms, and that the conversion could be inhibited by thiol reagents, such as NEM, p-
mercuribenzoate and monoiodic acetic acid, but not by pepstatin A [30]. These results
indicate that the vacuolar processing enzyme acts on the conversion of proproteins into their
mature forms before further removal of propeptides.

In vivo analysis by pulse-chase experiments of maturing pumpkin seeds revealed that
the proprotein processing occurs immediately after the translocation of the proproteins into
the vacuoles [8]. The activity of the vacuolar processing enzyme from maturing
endosperm of castor bean is sufficiently high to convert proglobulin and pro28 albumin to
their mature forms within 30 min in vitro [3). This supports the hypothesis that the

conversion by the vacuolar processing enzyme might precede the removal of the

propeptides.
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Secondary proteolytic removal of propeptides is mediated by the aspartic
proteinase. The vacuolar processing enzyme can recognize exposed two asparagine
residues on the molecular surface of pro2S albumin and cleave the peptide bond on the C-
terminal side of each asparagine residue [8]. Thus, the enzyme could split Arabidopsis
pro2$ albumin-2 to produce three domains, an N-terminal propeptide, a small subunit with
a 16-amino-acid propeptide and a large subunit of the mature protein (5, 8]. Further
proteolysis to remove the 16-amino-acid propeptide from the small subunit must occur in
the vacuoles. The purified aspartic proteinase could hydrolyze a synthetic peptide
containing the internal propeptide sequence at three sites (Fig. 6). This result indicated that
the aspartic proteinase might be involved in the removal and degradation of the internal
peptide of pro2S albumin-2.

The present study revealed that the aspartic proteinase cleaved peptide bonds in which
one of the amino acid residues had a bulky hydrophobic side chain, but not peptide bonds
between hydrophilic amino acids (Fig. 6). This was consistent with the substrate
specificity of barley aspartic proteinase [35] and mammal aspartic proteinase [36], that were
reported to cleave peptide bonds between Asp and Tyr and between amino acid residues
with large hydrophobic side chains. In contrast, Brassica aspartic proteinase cleaved the
same peptide as we used between Asp-11 and Asp-12, but not between Leu-9 and Glu-10
or between Asp-12 and Ile-13 [14]. Although the substrate specificity of the plant aspartic
proteinases is still obscure, the proteolytic enzymes might have a substrate specificity that
could be suitable for the degradation of propeptides. It therefore seemed that proproteins
of 28 albumins might be limitedly cleaved by the vacuolar processing enzyme with a very
strict substrate specificity, and then small propeptide domains might be further degraded by
the aspartic proteinase to complete their protein maturation. It should be noted that the
optimum pH of the aspartic proteinase is 3.0, and proteolytic activity on the peptide is very
low above pH 4.0 under the conditions described above (Fig. 7). Nishimura reported that
the intravacuolar pH of castor bean endosperm is 5.0 [34]. This indicates that the aspartic

proteinase could not show its maximum activity in the protein-storage vacuoles.
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A similar vacuolar processing system mediated by both the vacuolar
processing enzyme and the aspartic proteinase might function in vegetative
vacuoles in various plant organs.

'We have proposed that the same type of proteolytic enzyme is involved in the post-
translational processing of many vacuolar proteins with significant variability in molecular
structure [2, 3]. The activity of the vacuolar processing enzyme can be found not only in
seeds but also in other vegetative organs, such as hypocotyls, roots and mature leaves [24].
It has been reported that proteinase inhibitors of tomato leaves [37] and tobacco stigmas
[38], and chitinase from tobacco leaves and cultured cells [39] are processed post-
translationally on the C-terminal side of an asparagine residue to yield the mature forms.
Recently, we isolated three genomic DNAs for vacuolar processing enzymes (¢VPE, BVPE
and YVPE) that are expressed in specific organs in Arabidopsis [40, 41]. BVPE is specific
to seed, while o.VPE and YVPE are specific to vegetative organs [40, 41]. Thus, a similar
cysteine proteinase is widely distributed in plant organs and plays a crucial role in
maturation of a variety of proteins in plant vacuoles.

The aspartic proteinase is also found in various tissues of plants [42]. We have
isolated two isoforms of the aspartic proteinase (Fig. 1). Paris ef al. discussed that a single
aspartic proteinase has two kinds of vacuolar targeting signals in the proenzyme, an NPLR
sequence for vegetative vacuoles and an internal propeptide sequence for protein-storage
vacuoles [16]. However, the NPLR sequence is not conserved in pumpkin aspartic
proteinase (Fig. 1b). Two ¢cDNAs for aspartic proteinase were also isolated from rice
(accession numbers D32144 and D32165). It is likely that more than two homologues of
the enzyme exist in plants, as vacuolar processing enzyme homologues do. Both the
aspartic proteinase and the vacuolar processing enzyme function in the maturation of
proproteins of vacuolar proteins and/or degradation of some proteins in the seed and

vegetative organs of higher plants,

19



Footnotes

*This work was supported by a Grant-in-Aid for Scientific Research (no. 07270221)
from the Ministry of Education, Science and Culture of Japan.
{To whom correspondence should be addressed. Tel: 81-564-55-7500; Fax: 81-
564-55-7505.
|| The nucleotide sequence data of the pumpkin aspartic proteinase will appear in the
GSDB, DDBJ, EMBL, NCBI nucleotide sequence databases with the accession

number xXxxx.

REFERENCES

1. Higgins, T. J. V. (1984) Synthesis and regulation of major proteins in seeds, Annu.
Rev. Plant Physiol. 35, 191-221.

2. Hara-Nishimura, I., Shimada, T., Hiraiwa, N. & Nishimura, M. (1995) Vacuolar
processing enzyme responsible for maturation of seed proteins, J. Plant Physiol, 145,
632-640.

3. Hara-Nishimura, I., Inoue, K. & Nishimura, M. (1991) A unique vacuolar processing
enzyme responsible for conversion of several proprotein precursors into the mature
forms, FEBS Lett. 294, 89-93.

4. Hara-Nishimura, I., Takeuchi, Y. & Nishimura, M. (1993) Molecular characterization
of a vacuolar processing enzyme related to a putative cysteine proteinase of
Schistosoma mansoni, Plant Cell 5, 1651-1659.

5. Krebbers, E., Herdies, L., De Clercq, A., Leemans, J., Van Damme, J., Segura, M.,
Gheysen, G., Van Montagu, M. & Vandekerckhove, J. (1988) Determination of the
processing sites of an Arabidopsis 28 albumin and characterization of the complete

gene family, Plant Physiol. 87, 859-866.



6. Irwin, S. D., Keen, J. N., Findlay, J. B. C. & Lord, J. M. (1990) The Ricinus
communis 2S albumin precursor: a single preproprotein may be processed into two
different heterodimeric storage proteins, Mol. Gen. Genet. 222, 400-408.

7. Sharief, F. S. & Li, S. S.-L. (1982) Amino acid sequence of small and large subunits
of seed storage protein from Ricinus communis, J. Biol. Chem. 257, 14753-14759.

8. Hara-Nishimura, I., Takeuchi, Y., Inoue, K. & Nishimura, M. (1993) Vesicle
transport and processing of the precursor to 28 albumin in pumpkin, Plant J. 4, 793-
800.

9. Sun, S. S. M., Altenbach, S. B. & Leung, F. W. (1987) Properties, biosynthesis and
processing of a sulfur-rich protein in Brazil nut (Bertholletia excelsa H. B. K.), Eur.
J. Biochem. 162, 477-483.

10. Ericson, M. L., Rédin, J., Lenman, M., Glimelius, K., Josefsson, L.-G. & Rask, L.
(1986) Structure of the rapeseed 1.7S storage protein, napin, and its precursor, J.
Biol. Chem. 261, 14576-14581.

11. Monsalve, R. I, Villalba, M., Lopez-Otin, C. & Rodriguez, R. (1991) Structural
analysis of the small chain of the 2S albumin, napin nlll, from rapeseed, Biochim.
Biophys. Acta 1078, 265-272.

12. Ampe, C., Van Damme, J., De Castro, L. A. B., Sampaio, M. J., Van Montagu, M.
& Vandekerckhove, J. (1986) The amino-acid sequence of the 28 sulphur-rich
proteins from seeds of Brazil nut (Bertholletia excelsa H. B. K.), Eur. J. Biochem.
159, 597-604.

13. Altenbach, S. B., Pearson, K. W. & Sun, S. S. M. (1992) Nucleotide sequences of
cDNAs encoding two members of the Brazil nut methionine-rich 28 albumin gene
family, Plant Physiol. 98, 1520-1522.

14. D'Hondt, K., Bosch, D., Van Damme, J., Goethals, M., Vandekerckhove, J. &
Krebbers, E. (1993) An aspartic proteinase present in seeds cleaves Arabidopsis 28
albumin precursors in vitro, J. Biol. Chem. 268, 20884-20891.

21



15.

16.

17.

18.

19.

20.

21.

22.

23.

Runeberg-Roos, P., Kervinen, J., Kovaleva, V., Raikhel, N. V. & Gal, S. (1994)
The aspartic proteinase of barley is a vacuolar enzyme that processes probarley lectin
in vitro, Plant Physiol. 105, 321-329.

Paris, N., Stanley, M., Jones, R. L. & Rogers, J. C. (1996) Plant cells contain two
functionally distinct vacuolar compartments, Cell 85, 563-572.

Bond, J. S. & Butler, P. E. (1987) Intracellular proteases, Annu. Rev. Biochem. 56,
333-364.

Runeberg-Roos, P., Tormikangas, K. & Ostman, A. (1991) Primary structure of a
barley-grain aspartic proteinase. A plant aspartic proteinase resembling mammalian
cathepsin D, Eur. J. Biochem. 202, 1021-1027.

Ammerer, G., Hunter, C. P., Rothman, J. H Saari, G. C,, Valls, L. A. & Stevens,
T. H. (1986) PEP4 gene of Saccharomyces cerevisiae encodes proteinase A, a
vacuolar enzyme required for processing of vacuolar precursors, Mol. Cell. Biol. 6,
2490-2499.

Metcalf, P. & Fusek, M. (1993) Two crystal structures for cathepsin D: the lysosomal
targeting signal and active site, EMBO J. 12, 1293-1302.

Sarkkinen, P., N., K., Tilgmann, C., Siuro, J., Kervinen, J. & Mikola, L. (1992)
Aspartic proteinase from barley grains is related to mammalian lysosomal cathepsin
D, Planta 186, 317-323.

Fukasawa, T., Hara-Nishimura, I. & Nishimura, M. (1988) Biosynthesis,
intracellular transport and in vitro processing of 11S globulin precursor proteins of
developing castor bean endosperm, Plant Cell Physiol. 29, 339-345,

Hara-Nishimura, I, Nishimura, M., Matsubara, H. & Akazawa, T. (1982)
Suborganellar localization of proteinase catalyzing the limited hydrolysis of pumpkin
globulin, Plant Physiol. 70, 699-703.

Hiraiwa, N., Takeuchi, Y., Nishimura, M. & Hara-Nishimura, I. (1993) A vacuolar
processing enzyme in maturing and germinating seed: Its distribution and associated

changes during development, Plant Cell Physiol. 34, 1197-1204.

22



26.

27.

29.

30.

31.

32.

33,

34.

Mori, H., Takeda-Yoshikawa, Y., Hara-Nishimura, I. & Nishimura, M. (1991)
Pumpkin malate synthase: cloning and sequencing of the cDNA and Northern blot
analysis, Eur. J. Biochem. 197, 331-336.

Blake, M. S., Johnston, K. H., Russell-Jones, G. J. & Gotschlich, E. C. (1984) A
rapid, sensitive method for detection of alkaline phosphatase-conjugated anti-antibody
on Western blots, Anal. Biochem. 136, 175-179.

Nishimura, M., Takeuchi, Y., De Bellis, L. & Hara-Nishimura, I. (1993) Leaf
peroxisomes are directly transformed to glyoxysomes during senescence of pumpkin

cotyledons, Protoplasma 175, 131-137.

. Salmia, M. A., Nyman, S. A. & Mikola, J. J. (1978) Characterization of the

proteinase present in germinating seeds of Acots pine, Pinus sylvestris, Physiol.
Plant. 42, 252-256.

Hara-Nishimura, I., Nishimura, M. & Akazawa, T. (1985) Biosynthesis and
intracellular transport of 118 globulin in developing pumpkin cotyledons, Plant
Physiol. 77, 747-752.

Hara-Nishimura, I. & Nishimura, M. (1987) Proglobulin processing enzyme in
vacuoles isolated from developing pumpkin cotyledons, Plant Physiol. 85, 440-445.

Inoue, K., Motozaki, A., Takeuchi, Y., Nishimura, M. & Hara-Nishimura, I. (1995)
Molecular characterization of proteins in protein-body membrane that disappear most
rapidly during transformation of protein bodies into vacuoles, Plant J. 7, 235-243.

von Heijne, G. (1986) A new method for predicting signal sequence cleavage sites,
Nucl. Acid Res. 14, 4683-4690.

Tully, R. E. & Beevers, H. (1976) Protein bodies of castor bean endosperm.
Isolation, fractionation, and the characterization of protein components, Plant
Physiol. 58, 710-716.

Nishimura, M. (1982) pH in vacuoles isolated from castor bean endosperm, Plant
Physiol. 70, 742-744.

23



35.

36.

37.

38.

39.

40.

41.

42.

Kervinen, J., Sarkkinen, P., Kalkkinen, N., Mikola, L. & Saarma, M. (1993)
Hydrolytic specificity of the barley grain aspartic proteinase, Phytochem. 32, 799-
803.

Schwabe, C & Seeney, S. C. (1972) The specificity of a bovine fibroblast cathepsin
D, I. Action of the S-sulfo derivatives of the insulin A and B chains and of porcine
glucagon, Biochim. Biophys. Acta. 284, 465-472

Graham, J. S., Pearce, G., Merryweather, J., Titani, K., Ericsson, H. L. & Ryan, C.
A. (1985) Wound-induced proteinase inhibitors from tomato leaves: I The cDNA-
deduced primary structure of pre-inhibitor I and its post-translational processing, J.
Biol. Chem. 260, 6555-6560.

Atkinson, A. H., Heath, R. L., Simpson, R. J., Clarke, A. E. & Anderson, M. A.
(1993) Proteinase inhibitors in Nicotiana alata stigmas are derived from a precursor
protein which is processed into five homologous inhibitors, Plant Cell 5, 203-213.

Sticher, L., Hofsteenge, J., Neuhaus, J.-M., Boller, T. & Meins, F. J. (1993)
Posttranslational processing of a new class of hydroxyproline-containing proteins:
Prolyl hydroxylation and C-terminal cleavage of tobacco (Nicotiana tabacum)
vacuolar chitinase, Plant Physiol. 101, 1239-1247.

Kinoshita, T., Nishimura, M. & Hara-Nishimura, I. (1995) Homologues of a
vacuolar processing enzyme that are expressed in different organs in Arabidopsis
thaliana, Plant Mol. Biol. 29, 81-89.

Kinoshita, T., Nishimura, M. & Hara-Nishimura, I. (1995) The sequence and
expression of the yY-VPE gene, one member of a family of three genes for vacuolar
processing enzymes in Arabidopsis thaliana, Plant Cell Physiol. 36, 1555-1562.

Tormikangas, K., Kervinen, J., Ostman, A. & Teeri, T. (1994) Tissue-specific
localization of aspartic proteinase in developing and germinating barley grains, Planta

195, 116-125.

24



FIGURE LEGENDS

Fig. 1. Structure and sequence of an aspartic proteinase purified from
protein-storage vacuoles of castor bean. (a) SDS-PAGE gel showing an aspartic
proteinase purified from the soluble matrix fraction of the protein-storage vacuoles in the
presence (lane 1) or absence (lane 2) of 2-mercaptoethanol. Separated proteins were
stained with Coomassie blue. Molecular masses of subunits of the purified enzyme are
shown on the left and molecular masses of marker proteins (lane M) are shown on the right
in kDa. (b) Alignment of the N-terminal sequences of the 32-, 29- and 16-kDa subunits of
the aspartic proteinase (indicated by underlining) with sequences of precursors to the
aspartic proteinases of a dicotyledonous plant (pumpkin), a monocotyledonous plant
(barley) [18] and yeast [19]. The primary sequence of the pumpkin enzyme was deduced
from the nucleotide sequences of the isolated cDNA. An NPLR sequence, a possible
signal for targeting to vacuoles, is found in the N-terminal propeptide of the barley enzyme
(indicated by double-underlining), but not in that of the pumpkin enzyme. The closed
triangle indicates a putative cleavage site of a signal peptide and open triangles indicate
possible sites of post-translational cleavages to generate a mature enzyme. Closed circles
indicate two aspartic acid residues at the active site of the enzyme. Open circles indicate
possible N-linked glycosylation sites. Boxed residues indicate identical amino acids, and

shaded residues indicate homologous amino acids.

Fig. 2. SDS-PAGE gel showing suborganellar localization of the aspartic
proteinase in protein-storage vacuoles of endosperm of castor bean. Lanes 1
and 4, protein-storage vacuoles; lanes 2 and 5, soluble portion of protein-storage vacuoles;
lanes 3 and 6, insoluble portion of protein-storage vacuoles. R, RCA plus ricin; G, 118
globulin; 2S, 28 albumin. CBB, gel stained with Coomassie blue; anti-AP, immunoblot
analysis with anti-aspartic proteinase antibodies. Samples were electrophoresed without 2-

mercaptoethanol. Molecular masses of marker proteins are shown on the right in kDa.
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Fig. 3. Immunoelectron micrographs showing localization of the aspartic
proteinase in maturing castor bean endosperm. Ultrathin sections of the

endosperm at the middle stage of seed maturation were incubated with either anti-aspartic
proteinase antibodies (a) or anti-11S globulin antibodies (b). VM, vacuolar matrix; VC,

vacuolar crystalloid; Mt, mitochondrion; L, lipid body. Bars =1 pm,

Fig. 4. Developmental changes in the amount of the aspartic proteinase and
the accumulation of storage proteins in the endosperm of castor bean during
seed maturation and germination. (a) SDS-PAGE gel of endosperm tissues freshly
harvested from maturing seeds at the early (I), middle (IT) and late (III) stages, from dry
seeds (0) and from 2-, 4-, 6- and 8-day-old seedlings. The major storage proteins, RCA
plus ricin (R) and 118 globulin (G) accumulated in dry seeds (0). Separated proteins in the
presence of 2-mercaptoethanol were stained with Coomassie blue. Molecular masses of
marker proteins (lane M) are shown on the left in kDa. (b) Immunoblot analysis of the
same samples as in (a) using anti-aspartic proteinase antibodies (anti-AP). SDS-PAGE was
carried out in the absence of 2-mercaptoethanol. (c) Levels of the enzyme in (b) measured
with a densitometer. The amount of enzyme is expressed as a percentage of the maximum

value.

Fig. 5. In vitro proteolytic processing of [35S]proproteins located in the
ER from the maturing endosperm of castor bean. The endosperm of castor bean
at the middle stage of seed maturation was pulse-labeled with [35S]methionine and
[33S]cysteine for 1 hr and subsequently chased with cold methionine and cysteine for 2 hr.
ER was prepared from the endosperm immediately after the pulse and vacuoles were
prepared form the pulse-chased endosperm by sucrose density gradient centrifugation.
Lane 1, vacuole fraction showing major [33S]mature seed proteins, including 2S albumin
(28), the small subunit of 11S globulin (G) and RCA plus ricin (R); lanes 2-9, ER

fractions. Lanes 2 and 3, ER incubated for 0 and 30 min without enzyme showing the
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[358]proprotein precursors of the seed proteins: pro2S albumin (p28), proglobulin (pG)
and proproteins to RCA and ricin (pR); lanes 4 and 5, ER incubated with vacuolar
processing enzyme (VPE, 0.4 mU) for 5 and 30 min; lane 6, ER incubated with VPE for
30 min with 2 mM NEM, an inhibitor of vacuolar processing enzymes; lanes 7 and 8, ER
incubated with aspartic proteinase (AP, 0.4 mU) for 5 and 30 min; lane 9, ER incubated
with AP for 30 min with 0.1 mM pepstatin A, an inhibitor of aspartic proteinases.
Incubations were carried out at 37 °C. Reaction products were subjected to SDS-PAGE

and visualized with a Bio-Imaging Analyzer (BAS 2000; Fuji Film, Tokyo, Japan).

Fig. 6. Cleavage products of aspartic proteinase acting on an 18-amino-acid
synthetic peptide corresponding to an internal propeptide fragment of
Arabidopsis 2S albumin. This fragment is post-translationally removed to form 2S
albumin-2 [5]. (a) Capillary electrophoresis chromatograms of the substrate (S) before and
after cleavage. Five cleaved products (P1, P2, P3, P4 and P5) were produced by the
enzyme. (b) Amino acid compositions of the substrate and the five cleavage products.
Values are expressed relative to the number of moles of proline. The numbers in
parentheses are the estimated numbers of each amino acid rounded off to the nearest integer.
n. d. = not detected. (c) Deduced amino acid sequences of the five cleavage products. The
sequence of the substrate peptide is shown at the top. Three cleavage sites of the peptide by

the aspartic proteinase are indicated by closed triangles.

Fig. 7. Comparison of optimum pH values of the aspartic proteinase (closed
circles) and the vacuolar processing enzyme (closed squares). Both enzymes
were purified from the protein-storage vacuoles of castor bean. The activity of the aspartic
proteinase was determined with the synthetic peptide shown in Fig. 6. The activity of the
vacuolar processing enzyme was measured as described previously [24]. The reactions
were run for 30 min at 37 °C. Reaction products were detected with capillary

electrophoresis.
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Vacuolar Processing Enzyme of Soybean That Converts Proproteins to the
Corresponding Mature Forms

Tomoo Shimada "2, Nagako Hiraiwa 2, Mikio Nishimura '
and Ikuko Hara-Nishimura '?

! Department of Cell Biology, National Insiitute for Basic Biology, Okazaki, 444 Japan
t Department of Molecular Biomechanics, School of Life Science, The Graduate University for Advanced Studies,
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A vacuolar processing enzyme was detected in soybean protein bodies. A 39-kDa immunore-
actlive polypeptide obtained by chromatography on a hydroxyapatite column processed both a
decapeptide substrate and proproteins. A ¢cDNA was isolated for a 55-kDa protein with 71%
identity to the castor bean vacuolar processing enzyme.

Key words: Cysteine proteinase — 115 Globulin — Proprotein processing — Protein body —
Soybean (Glycine max) — Vacuolar processing enzyme.

Soybean (Glycine max) glycinin, which belongs to the
118 globulin family, is a well known storage protein (Hig-
gins 1984, Nielsen et al. 1989). Proglobulins, the propro-
tein precursors of 118 globulins, are synthesized on the
endoplasmic reticulum and are then transported to protein-
storage vacuoles, where they are processed proteolytically
to yield the corresponding mature forms during seed
maturation (Akazawaand Hara-Nishimura 1985, Fukasawa
et al. 1988, Hara-Nishimura et al. 1985). There are two
reports of the purification of processing enzymes that con-
vert proglycinin to glycinin in maturing soybean seeds
(Scott et al. 1992, Muramatsu and Fukazawa 1993). How-
ever, there is a big discrepancy in terms of molecular mass
between the two reported enzymes (as discussed below).

Proglycinin is cleaved on the C-terminal side of an
asparagine residue to yield mature glycinin (Nielsen et al.
1989). We succeeded previously in purifying a 37-kDa cys-
teine proteinase from castor bean (Ricinus communis) that
specifically cleaves a peptide bond on the C-terminal side
of asparagine residues in different proproteins, including
proglobulins, to generate the corresponding malture forms
(Hara-Nishimura et al. 1991). To examine whether a pro-
cessing enzyme similar to the castor bean enzyme plays a
role in processing of proproteins in soybean, we isolated a
cDNA for a soybean homologue of the castor bean enzyme

Abbreviation: PCR, polymerase chain reaction.
' Ta whom correspondence should be addressed.
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and characterized it.

Poly(A)*RNA was prepared from maturing seeds of
soybean by SDS-phenol extraction and chromatography
on oligo(dT)-cellulose. A cDNA library in pBluescript 11
SK+ (Stratagene, La Jolla, CA, U.S.A.) was constructed
as described previously (Mori et al. 1991), Two degen-
erate primers, 5-CA(T/C)CA(G/A)YGC(G/A/T/C)GA(T/
C)GT(G/A/T/C)TG(T/C)CA(T/C)GC-3 and 5-CC(G/
A/T/CYGO(G/AST/C)CC(G/A/T/CYCC(G/A)TG(G/ A)
TC-3', were synthesized (indicated by two arrows in Fig. 2).
Their sequences were based on the amino acid sequences,
HQADVCHA and DHGGPG, that are conserved between
the processing enzyme of castor bean (Hara-Nishimura et
al. 1993b) and an enzyme from Schistosoma (Klinkert el al.
1989). Amplification by the polymerase chain reaction
(PCR) was performed using these primers and plasmid
DNA of the cDNA library, Then the cDNA library was
screened with the 320-bp product of PCR as probe. The
cloning procedures were essentially the same as reported
previously (Hara-Nishimura et al. 1993b). The positive
clone with the longest insert of, namely, 1.7 kb was isolated
and designated sVPE. Sequencing of both strands of the in-
serl was performed with a DNA sequencer (model 373A;
Applied Biosystems Inc., Foster City, CA, U.S.A.) using
T3 and T7 fluorescent primers in accordance with the
manufacturer’s directions.

Protein bodies were isolated from dry seeds of soy-
bean and castor bean by the glycerol method, as described
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previously (Hara-Nishimura et al. 1982). After lysis of the
isolated protein bodies in 50 mM sodium acetale, pH 5.5,
each homogenate was centrifuged at 100,000 X g for 20 min
at 4°C. The supernatant was dialyzed against the sodium
acetate buffer at 4°C and centrifuged again to remove in-
soluble globulins. The supernatant was used as a matrix
fraction of protein bodies and was subjected to SDS-PAGE
and immunoblotting analysis. An antibody was raised
against the vacuolar processing enzyme of castor bean that
had been expressed in E. coli (Hara-Nishimura et al. 1993b,
Hiraiwa et al. 1993).

The matrix fraction of soybean protein bodies was ap-
plied to a hydroxyapatite column (7.5 mm i.d.x7.5cm,
HA-1000; Tosoh, Kyoto, Japan) which had been equilib-
rated in 10 mM sodium phosphate, pH 6.0, on an FPLC
system (Pharmacia, Pleasant Hill, CA, U.5.A)). After
extensive washing of the column with the same buffer,
proteins were eluted with a linear gradient of sodium
phosphate, pH 6.0, from 0.01 M to 0.5 M. Each fraction
after chromatography was subjected to SDS-PAGE with
subsequent staining with Coomassie blue and immuno-
blotting analysis. Vacuolar processing activity in each
fraction was measured as described previously (Hara-
Mishimura et al. 1991, Hiraiwa et al. 1993). We used a
chemically synthesized decapeptide, SESENGLEET, as
substrate. Its sequence was derived from the sequence
around the processing site of pumpkin proglobulin. One
unit of activity was defined as the activity that processed |
pmole of substrate per min under the conditions of the
reaction.

The processing activity with proproteins as substra-
tes was examined essentially by the methods described
previously (Hara-Nishimura and MNishimura 1987, Hara-
Nishimura et al. 1991). Proproteins were prepared from
dense vesicles that had been isolated from the pulse-la-
beled endosperm of maturing seeds of castor bean (Hara-
Nishimura and Nishimura 1987, Hara-Nishimura et al.
1993a). Pulse labeling was performed with [**S]methionine
and [S]cysteine together. The reaction mixture, contain-
ing labeled proproteins and the soybean enzyme that had
been purified on the hydroxyapatite column, was incubated
in the presence or absence of N-ethylmaleimide for 60 min
al 37°C and then subjected to SDS-PAGE subsequent
fluorography.

Figure 1 shows the nucleotide sequence and predicted
amino acid sequence of sVPE ¢cDNA for the soybean ho-
mologue of the processing enzyme. The clone encodes a
protein of 495 amino acids with a molecular mass of
55,162 Da. As shown in Figure 2, the 55-kDa precursor is
71% identical to the vacuolar processing enzyme of castor
bean {Hara-Nishimura et al. 1993b), 32% identical to the
putative cysteine proteinase in the human parasite Schisto-
soma mansoni (Klinkert et al. 1989) and 33% identical to
the putative cysteine proteinase in Schistosoma japonicum

(accession number S31908 in the peptide sequence database
of PIR, Protein Information Resouce), respectively. The
vacuolar processing enzymes of both soybean and castor
bean have properties characteristic of cysteine proteinases
(Fig. 5, Hara-MNishimura and Nishimura 1987, Hara-
Nishimura et al. 1991). However, these vacuolar processing
enzymes have no significant sequence similarity to known
cysteine proteinases, such as papain (Cohen et al. 1986)
and barley aleurain (Rogers et al. 1985). This observation
suggests that plant vacuolar processing enzymes and the en-
zymes of Schistosoma belong to a new class of cysteine pro-

teinases.
Hydropathy analysis showed that the 55-kDa precur-
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Fig. 1 Nucléotide and deduced amino acid sequences af sVPE
cDNA for the soybean homologue of a vacuolar processing en-
zyme. Stars indicate termination codons. The nucleotide se-
quence data will appear in the GSDB, DDBJ, EMBL, NCBI nucle-
otide sequence databases with the accession number D28876.
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sor from soybean has a hydrophobic sequence which
resembles that of a putative signal peptide at its N-ter-
minus. Applying the method reported by von Heijne
(1986), we predicted the cleavage site of the signal peptide
to be on the C-terminal side of alanine-32 (indicated by
a closed triangle in Fig.2). Recently, Abe et al. (1993)
reported an N-terminal 25-amino-acid sequence of an
asparaginyl endopeptidase from jack bean. That sequence
is identical o the sequence from glutamic acid-56 to valine-
80 of the soybean protein (underlined in Fig. 2). By analogy
to the jack bean enzyme, the N-terminal amino acid of the
soybean enzyme may be glutamic acid-56, suggesting that
the 23-amino-acid region from arginine-33 to aspartic acid-
55 is a propeptide region that must be removed post-transla-
tionally (Fig. 2).

There is very low sequence homology between each
signal-peptide region and between each N-terminal propep-
tide among the four enzymes compared here (Fig.2). By
contrast, the N-terminal regions of the putative mature en-
zymes are highly conserved. It is well known that both cys-
teine and histidine residues are required for the proteolytic

aclivity of cysteine proteinases (Husain and Lowe 1970).
Cysteine-81 and histidine-178 are found in the highly con-
served regions (indicated by asterisks in Fig.2) and they
may have a crucial role in the enzymatic activity.

The existence of the mRNA for the homologue of the
vacuolar processing enzyme suggests that a processing
mechanism similar to that in castor bean is operative in soy-
bean. Previously we detected vacuolar processing activity
in soybean (Hiraiwa et al. 1993). To examine the existence
of a protein related to the castor bean enzyme in soybean
seeds, we conducted an immunoblotting analysis using
specific antibody against the enzyme from castor bean, as

. shown in Figure 3. We isolated protein bodies from soy-

bean and castor bean seeds and the matrix fraction was pre-
pared from each. Each matrix fraction, containing 0.4
munit of vacuolar processing activity, was subjected to
SDS-PAGE and subsequent staining with Coomassie blue
(Fig. 3, lanes 1 and 2) and immunoblotting analysis. A 39-
kDa immunopositive band was detected in the soybean frac-
tion {Fig. 3, lane 4), while a major band of a 37-kDa pro-
tein and a faint band of a 43-kDa protein were detected in
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Fig. 2 Comparison of the sVPE-encoded protein with the vacuolar processing enzyme of castor bean and the putative cysteine pro-
teinases of §. mansoni and S. japonicum. The primary sequences of the sVPE-encoded protein, the castor bean enzyme (Hara-
Nishimura et al. 1993b), the putative cysteine proteinase of §. mansoni (Klinkert et al. 1989) and the putative cysteine proteinase of
S. japonicum (accession number S31908 in the peptide sequence database of PIR) were aligned using the GeneWorks program (In-
telliGenetics, Mountain View, CA, U.S.A.). Boxed residues indicate identical amino acids, and shaded residues indicate homologous
amino acids. The N-terminal 25-amino-acid sequence of asparaginyl endopeptidase of jack bean reported by Abe et al. (1993) is underlin-
ed. The closed triangle indicates the putative sile of cleavage of the signal peptide and the open triangle indicates the putative site of post-
translational cleavage of the N-terminal propeptide. Asterisks indicate the cysteine and histidine residues at the possible active sites of
the vacuolar processing enzymes. The two primers for screening of a cDNA library were synthesized on the basis of the sequences in-
dicated by underlining with arrowheads.
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the castor bean fraction (Fig. 3, lane 3). The minor 43-kDa
protein is related to the castor bean enzyme, as described
previously (Hiraiwa et al. 1993). These findings indicate
that a protein that is immunologically related to the vacu-
olar processing enzyme of castor bean is localized in the
matrix fraction of protein bodies of soybean seeds. Thus, it
is possible that a similar processing mechanism to that in
castor bean plays a role in processing of proproteins of say-
bean seed proteins.

To clarify whether the 39-kDa immunopositive pro-
tein of soybean has vacuolar processing activity, we separat-
ed the protein in the protein-body matrix of soybean by
column chromatography on hydroxyapalite, as shown in
Figure 4. Each fraction after chromatography was sub-
jected to immunoblotting analysis and an assay of vacuolar
processing activity, The processing activity with a synthetic
decapeptide as substrate, whose sequence was derived from
the sequence around a processing site of proglobulin, was

S
vﬁﬁ‘oﬂs\

“—— ow—s -

3 4
anti-VPE

Fig. 3 Detection of vacuolar processing enzymes in the matrix
of proteins bodies from castor bean and soybean. Protein
bodies were isolated from dry seeds of castor bean and soybean by
the glycerol method. Soluble matrix fractions were separated from
insoluble crystalloids. Each matrix fraction, containing 0.4 munit
of vacuolar processing activity, was subjected to SDS-PAGE with
subsequent staining with Coomassie blue (CBB; lanes | and 2) or
immunoblotting analysis (anti-VPE; lanes 3 and 4). The antibody
used was raised against a fusion protein composed of a mallose-
binding protein and a vacuolar processing enzyme [rom castor
bean that had been expressed in £, coli, The molecular mass of
cach marker protein (lane M) is given on the left in kDa.

CBB
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bound to the column and eluted in peak of fractions 9-11
(Fig. 4C). The 39-kDa immunopositive protein was eluted
in parallel with the elution profile of the processing activity
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Fig. 4 Co-clution of vacuolar processing activity and an immu-
noreactive 39-kDa soybean enzyme from a hydroxyapatite col-
umn. Matrix proteins of soybean protein bodies were applied
lo a hydroxyapatite column and the proteins were eluted with
gradient of 0.01 M to 0.5 M sodium phosphate buffer, pH 6.0, (A)
Proteins in each fraction aflter SDS-PAGE were stained with
Coomassie blue. The molecular mass of each marker protein is
given on the left in kDa. (B) An immunoblot of each fraction was
obiained with the same antibody against the castor bean enzyme
as described in the legend to Figure 3. (C) Vacuolar processing ac-
tivity in each fraction was quantitated with a synthetic decapep-
tide as substrate.
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(Fig. 4B). This result strongly suggests that the 39-kDa pro-
tein is responsible for the vacuolar processing activity.
We further examined the ability of the proprotein-pro-
cessing activity to generate mature protein, as shown in
Figure 5. Fractions 9 to 11 from the hydroxyapatite column
were concentrated and used as an enzyme fraction. Dense
vesicles from pulse-labeled endosperm of maturing castor
bean seeds contained labeled proproteins that included pro-
globulin (Fig. 5, lane 1), which was used as a substrate
for the processing enzyme. During the incubation of the
proproteins with 0.5 munit of the soybean enzyme for 60
min, the proglobulin was converted 1o the mature globulin
(Fig. 5, lane 2). Vacuoles isolated from the labeled en-

f

1 2 3 4

Fig. 5 Proteolytic processing in vitro of **S-labeled proglobulin
to mature globulin by the purified enzyme from soybean. The
labeled proproteins were located in the dense vesicles of the pulse-
labeled endosperm of maturing castor bean seeds. Fractions 9 to
Il from the hydroxyapatite column, as shown in Figure 5, were
pooled and used as purified enzyme. The labeled proproteins were
incubated with 0.5 munit of the purified enzyme for 0 min (lane
1), for 60 min (lane 2), and for 60 min in the presence of N-
ethylmaleimide (Jane 3) at 37°C. After SDS-PAGE of each reac-
tion mixture, the labeled proteins were visualized by fluora-
graphy. Vacuoles contained both the proglobulin (pG) and the
mature 115 globulin (G), and these proteins were used as size
markers in the fluorograph (lane 4). An arrow indicates the conver-
sion of proglobulin to 118 globulin.

dosperm of maturing castor bean seeds contained both the
proglobulin and mature 115 globulin and [hcse were used
as size markers in the analysis (Fig. 5, lane 4). In the pres-
ence of | mM N-ethylmaleimide, the processing of the pro-
globulin was inhibited (Fig. 5, lane 3), indicating that the
soybean processing enzyme is a cysteine proteinase as is the
castor bean enzyme. The enzyme can process not only
castor bean proglobulin but also pumpkin proglobulin to
yield the corresponding mature forms (data not shown).
This result suggests that the soybean enzyme has the ability
to convert proglycinin to the mature form and that a pro-
cessing mechanism similar to that in castor bean may fune-
tion in the protein-storage vacuoles of soybean seeds.

Scott et al. (1992) purified a proglycinin-processing ac-
tivity from maturing soybean seeds and found associated
molecular masses of 85, 65 and 23 kDa by SDS-PAGE.
They suggested that both the 65-kDa and 23-kDa species
were Lhe products of degradation of an 85-kDa molecule.
The purification of the enzyme was, however, only partial
and their purified proteins appear to have been unrelated to
a processing enzyme, as discussed by Muramatsu and
Fukazawa (1993). The investigation by Muramatsu and
Fukazawa (1993) showed that cysteine proteinases that con-
ver! proglycinin to the mature form could be purified from
dry soybean seeds and they were designated collectively
legumaturain. The molecular masses of 33 to 33.8 kDa of
legumaturain were 5.2 to 6 kDa smaller than the 39 kDa
of the vacuolar processing enzyme of soybean that we
observed (Fig.3). Recently Muramatsu and Fukazawa
isolated a 1,332-bp cDNA for one of their isozymes of
legumaturain (Abstract for Annual Meeting of the Molecu-
lar Biology Society of Japan, 1993). The deduced protein
of 341 amino acids was shorter by 154 amino acids than
sVPE-encoded protein, an indication that the sVPE cDNA
clone that we isolated here encodes a different polypeptide
from legumaturain. In addition, the specific activity of
their purified legumaturain seemed to be very low; they
used 8 ug of purified enzyme to cleave 50 ug of proglycinin
within 13 h {Muramatsu and Fukazawa 1993). By contrast,
under similar conditions to theirs, 0.06 ug of our vacuolar
processing enzyme of castor bean was sufficient to process
10 ug of proprotein completely within 30 min (Hara-
MNishimura et al. 1991). These results suggest that two
different enzymes, our vacuolar processing enzyme and
legumaturain, are responsible for processing of proglycinin
in soybean.

The vacuolar processing enzyme plays a crucial role in
the determination of the final structure of many seed pro-
teins at the last step in their biosynthesis and regulates the
biogenesis of protein-storage vacuoles in seeds. Previously,
we detected the vacuolar processing activities in various
plant tissues, including mature leaves, roots and hypo-
cotyls (Hiraiwa et al. 1993). Thus, similar processing en-
zymes operate in plant vacuoles of a variety of tissues and
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vacuolar processing appears to be a universal event in plant
cells. Further analysis of the vacuolar processing mechan-
ism is necessary to elucidate the physiological function of
the processing of proproteins in vacuoles.

This work was supported by Grants-in-Aid for Scientific
Research {no. 04304004 and no. 04640632) from the Ministry of
Education, Science and Culture, Japan,
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Summary

A vacuolar processing enzyme responsible for maturation of seed proteins was isolated from the castor
bean and soybean. The processing enzyme belongs to a novel cysteine proteinase with a molecular mass
of 37 kDa for castor bean and 39 kDa for soybean. The enzyme splits a peptide bond on the C-terminal
side of an exposed asparagine residue of the proprotein precursors to produce their mature seed proteins
such as 115 globulin and 28 albumin. Immunocyrochemical localization of the enzyme in the vacuolar
matrix of maturing castor bean endosperm indicates that the maturation of the seed proteins occurs in
the vacuoles. Molecular characterization revealed that the enzyme is synthesized as an inactive precursor
with a larger molecular mass. The results of immunoelectron microscopic analysis suggested chac the pre-
cursor is transported to vacuoles via dense vesicles together with proproteins of seed proteins. After ar-
riving at the vacuoles, the inactive precursor is converted into an active enzyme. This suggests thar a cas-
cade for proprotein processing is involved in the maturation of seed proteins. Vacuolar processing en-
zyme activity was found in various plant tissues and several cDNA homologues of the enzyme were iso-
lated from different plants. Thus a similar processing enzyme is widely discributed in plant tissues and
plays a crucial role in the maturation of a variety of proteins in plant vacuoles.

Key words: Castor bean (Ricinus communis), 28 albumin, 115 globulin, asparaginyl endopeptidase, cysteine
proteinase, proprotein processing, protein body, seed protein, vacuolar processing enzyme.

Abbreviations: ER = endoplasmic reticulum; HPLC = high performance liquid chromatography; VPE
= vacuolar processing enzyme.



Introduction

Proproteins of various seed proreins including 115 glob-
ulin, 25 albumin and lectins are well known to be post-trans-
lationally processed into marure proteins. However, the pro-
cessing mechanism in plant vacucles is very obscure. Several
groups have investigated processing enzymes thar convert
proglobulin into 1185 globulin in maturing seeds of castor
bean (Ricinus communis: Hara-Nishimura ec al. 1991, 1993 by

* Ta whom correspondence should be addressed.

@& 1995 by Guitav Fischer Verlag, Stuctgan

Hiraiwa et al. 1993), soybean (Glycime max: Muramatsu ex al.
1994; Scortt et al. 1992; Shimada e al. 1994) and pumpkin
(Cuecurdies sp.s Hara-Nishimura and Nishimura 1987), and
that converts proricin inta ricin in the castor bean (Harley
and Lord 1983). A cDNA of one of the processing enzynies
was isclated from che castor bean (Hara-Nishimura et al.
1993 b). The deduced primary sequence is 33% identical in
amino acid sequence to a purative cysteine proteinase of
Schistosoma mansoni (Klinkert et al. 1989). The enzyme 15 an
asparaginyl endopeptidase thar belongs to a novel type of
cysteine proteinases, The processing enzyme activity can be



Fig.1: The sequences around post-transla-
tional pracessing sites for seed proteins and
vacuolar proteins from leaves and stigma.
Proprotein processing occurs on the C-ter-
minal side of an asparagine residue that is
indicated by an asterisk. The processing site
was determined by aligning the deduced
precursor sequences with the N-rerminal se-
quences of the respective mature proteins.
Literature cited and accession number in se-
quence databases are as follows: 1) Hara
Nishimura et al. 19932, D16560; 2) Sharief
and Li 1982, $11500; 3) Krebbers et al. 1988,
JA0161; 4) Ericson et al. 1986, Monsalve e
al. 1991, A01329; 5) Altenbach et al. 1992,
Ampe er al. 1986, S14946; 6) Allen ec al.
1987, 5S01062; 7) Hayashi et al. 1988b,
M36407; B) Lycett et al. 1984, A22866; 9)
Gatehouse et al. 1988, 500336; 10) Vonder
Harr et al. 1988, JA0089; 11) Negoro et al.
1985, A23497; 12) Staswick er al. 1984,
A91341; 13) Hirano et al. 1984, A92524;
14) Hirano et al. 1985, A91145; 15) Shot-
well et al. 1988, JAO160; 16) Gatehouse et
al. 1982, A03344; 17) Araki and Funatsu
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Seed proleins
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1985, A24041; 18) Roberts et al. 1985, 5 24 ; § B
A24261; 19) Funatsu ex al, 1988; 532429; b gl POLKCCRNAN" CELEPUMNO
20) Bowles et al. 1986, A03357; 21) Wu and

Lin 1993, JH0607; 22) Santino et al. 1992, Vacuolar proteins in leal and stigma

A27350; 23) Gatehouse et al. 1987, Y00440;
24) Wilkins and Raikhel 1989, [Q1102; 25)
Graham er al. 1985, A24048; 26) Atkinson
er al, 1993,

found not only in seeds but also in non-storage tissues such
as hypocotyls, roots and mature leaves (Hiraiwa et al. 1993).
Thus, we designated the enzyme as a vacuolar processing en-
zyme (VPE).

Here we discuss about the processing mechanism in plant
vacuoles and the molecular characterization of the VPEs.

Vacuolar processing enzyme converls dilferent
proproteins Into their respective mature forms

Figure 1 shows the 20-amino acid sequences around the
post-translational processing sites for seed proteins and vacu-
olar proteins. All the processing sites were experimentally
determined by aligning the deduced precursor sequences
with the N-terminal sequences of the respective mature pro-
teins. Various seed proteins including 25 albumins, 115 glob-
ulins, vicilins, toxins, lectins, proteinase inhibitors and «-
amylase inhibitors are produced after a proteclytic cleavage
at the C-terminal side of an asparapine residue of their pro-
protein precursors. One question arises here; whether a
single enzyme is responsible for processing many proteins
with a large variability of molecular structure. If this is true,
how can it recognize the numerous varieties of processing
sites? Characterizacion of a purified processing enzyme is re-
quired to answer the question.

Conversion of proglobulin into marure 115 globulin oc-
curs in the vacuoles and protein bodies of seeds of the castor

Tomata leal protelnase Inhibitar | 25)
Yobacco siigma proisinase inhiblior

== ELLEKEFDSN® LHCEGROMEF -~

~=WCPRSTERKN' DRICTHCCAG-~VCPRSETKEN DRICTHCCAG-~
-~ ICPLAEZEKKN"DRICTNCCAG--ICPLSEENKN" DRICTNCCAG--
-~ TCPLSEEKKN" DRICTHCCAG -~ 1 CPLSEEKEN" DRICTNCCAG-~

bean and soybean. We used the isolated protein bodies as
starting materials to purify the processing enzymes of castor
bean (Hara-Nishimura er al, 1991) and soybean (Shimada et
al. 1994). The purified enzymes of castor bean and soybean
are 37kDa and 39KkDa, respectively. Both enzymes can
cleave a pepride bond on the C-rerminal side of an asparagine
residue of a synchetic decapepride, the sequence of which is
derived from that around the processing site of pumpkin
proglobuﬁn, precursor o 118 g]ubulin.

To demonstrate that the purified enzyme can cleave the
authentic proprortein precursors synthesized on the rough
endoplasmic reticulum (<ER) in the cells of maturing seeds,
we performed in vitro processing using proproteins in the
isolated dense vesicles and ER as substrates. The findings
clearly show that the castor bean enzyme is capable of con-
verting not only proglobulin bur also pro2§ albumin into
their respective mature forms (Hara-Nishimura et al. 1991).
This indicates thar a single VPE can split a peptide bond at
the C-terminal side of an asparagine residue of several pro-
proteins to make mature seed proteins.

Abe er al. (1993) isolated an asparagine endopeptidase from
the jack bean that exhibits strong structural homology 1o the
castor bean enzyme (discussed below). They demonstrated
that the jack bean enzyme could convert proconcanavalin A
into mature concanavalin A. This is in agreement with the
evidence thac a VPE-like asparaginyl endopeptidase plays a
role in maturarion of various seed proteins as shown in Fig-
ure 1. However, no consensus sequences were found in the



Fig.2: Vacuolar processing occurs on the

C-terminal side of two asparagine residues
in hydrophilic regions of the pro2$ albu-
min molecule. Analyses of hydropathy and
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their respective positions. The two arrow-
heads indicate the sites of vacuclar process-
ing. Two asparagine residues 35 and 74 with
asterisks are located at the vacuolar process-

sequences around processing sites. How can VPE recognize
the processing sites of different proproteins with a large vari-
ability of molecular strucrure?

Vacuolar processing enzyme cleaves a peptide bond at
the C-terminal side of an exposed asparagine residue on
molecular surface of proproteins

To clarify the mechanism of processing by VPE in greater
derail, we charactenized the post-translational processing
sites of pro25 albumins. The N-terminal amino acid se-
quence analysis of the two subunits of mature 28 albumin in
pumpkin indicates that proteolytic cleavages occur on the
C-terminal side of the asparagine residues at positions 35 and
74 of prepro25 albumin (Hara-Nishimura et al. 1993a). The
positions of the two asparagine residues have been conserved
in the precursors to 25 albumins from various species of
pumpkin, castor bean, Arabidopsis and rapeseed, with the ex-
ception of the sunflower and Brazil nut (discussed below), as
shown in Figure 1. Proteolytic cleavage certainly occurred
on the C-terminal side of the conserved asparagine residues
of pro2S albumins in various plants.

Figure 2 shows the results of the hydropathy analysis and
surface probability of the primary sequence of prepro2$ al-
bumin. Asparagine residues 35 and 74 are both located in ex-
tremely hydrophilic regions of the prepro2s albumin se-
quence. There are two more asparagine residues, ac positions
92 and 127, in the prepro2S albuinin sequence. Asparagine
127 is located in the most hydrophaobic region of the mature
25 albumin sequence, and it seems likely chat this residue is
on the inside of the molecule. Asparagine 92 is close 1a lour
cysteine residues that may engage in the formatien of disul-
fide bonds. The locations of the disulfide bonds are esti-
mated from the location of such bonds in the a-amylase in-
hibitor from wheat (Maeda et al. 1983), which exhibits con-
siderable similarity 1o 25 albumins. The environment
around the asparagine residues 92 and 127 might prevent the
VPE from having access to the adjacent peprtide bonds.

ing sites. Asparagine residues 92 and 127 are

T
120 Amino aclds not involved in the processing.

These findings suggest thar VPE recognizes the two aspara-
gine residues in the hydrophilic regions on the molecular
surface, Bowles et al. (1986) reported thar asparagine residues
at post-translational cleavage sites of proconcanavalin A
were also located on the molecular surface. These findings
strongly suggest that VPE cleaves pepride bonds at the C-ter-
minal sides of the exposed asparagine residue on the molec-
ular surface of proprotein precursors.

Vacuolar processing enzyme is located in the matrix
region of vacuoles of maturing seeds

Protein storage vacuoles of maturing seeds are composed
of crystalloids, matrix and membrane. 25 albumin is located
in the vacuoclar marrix (Hara-Nishimura et al. 1993 a), and
115 globulin is the primary constituent of the vacuolar crys-

Ty, - R
VPE 11S Globulin
Fig.3: Immunocytochemical localization of a vacuolar processing
enzyme in maturing castor bean endosperm. Ulerachin section of
maturing castor bean endosperm was incubated with eicher an anti-

VPE antibody (left) or anti-115 globulin anubody (rnight). Bar =
lpm,



calloid (Hara-Nishimura er al. 1982, 1987). To examine the
subcellular location in which post-translational processing of
proglobulin occurs, we performed an immunocytochemical
analysis of maturing castor bean endosperm using a specific
antibody against either the purified VPE or 115 globulin.
Figure 3 (left) shows cthat VPE is localized to the electron-
dense area of the marrix region in vacuoles of the maturing
castor bean endosperm, but not in the vacuolar membrane
or in the crystalloid {Flg 3, left). By contrast, when usmg:he
specific antibody against 118 globulin, we found gold paru-
cles distributed throughout the electron-dense area of the
matrix as well as the crystalloid in protein storage vacuoles
(Fig. 3, right). Selective concentration of the VPE suggests
that proglobulin processing occurs in che matrix region of
vacuoles of maturing seeds.

Cell fractionation of pulse-chase-labeled cotyledons of ma-
turing pumpkin seeds reveals that proglobulin and pro25§ al-
bumin also accumulated transiently in the vacuoles (Hara-
Nishimura ec al. 1985, 1993a; Hayashi ec al. 1988a). The
proglobulin and pro2S albumin that are newly imported
into the vacuole are thought to be present in the vacuolar
matrix and then converted into the respective mature forms
by the action of VPE. Conversion of pruLfabulm into 115
globulin reduces the solubility of the protein (data not
shown), causing formation of the erystalloid.

Proglobulin is converted into mature 118 globulin in the
matrix fraccion of vacuoles isolated from maturing pumpkin
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Fig. 4: Optimum pH of vacuolar processing enzyme purified from
castor bean endosperm. Decapeptide whose sequence was derived
from the sequence around the processing site of pumpkin proglobu-
lin was used as substrate, A reaction mixture containing the purified
enzyme and 5 nmole of the decapeptide subscrate in 10uL of 0.1 M
dithiochreitol, 0.1 mM EDTA and 0.1 M various buffer solutions;
Na-acetate bulfer (pH 3.0 to 5.0), citrate-phosphace buffer (pH 5.5
10 7.0) and Tris-HCl buffer (pH 7.5 to 9.0). This was incubated for 1
to 30 min at 37 °C and followed by HPLC analysis.
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B

Fig. 5: Dense vesicles are involved in the transpore of the vacuolar
processing enzyme in maturing endosperm cell of castor bean.
Ulerathin section of maturing castor bean endosperm was incubated
with an anu-VPE antubody. Gold particles are detected in vacuolar
matrix (VM) and dense vesicle chat is indicated by an arrowhead.
Bar = 1 pm.

cotyledons (Hara-Nishimura and Nishimura 1987). The op-
timum pH of the castor bean VPE is the same as that of the
vacuolar interior, abour 5.5, as shown in i"igur: 4. The find-
ings suggest that the posttranslational processing of various
proprotein precursors only occurs within a limited area of
the vacuolar matrix,

Vacuolar processing enzyme Is transported to vacuoles
via dense vesicles

Major seed proreins, 115 globulin and 2§ albumin, are
ransported from ER to vacuoles wia dense vesicles in the
cells of maruring seeds of pumpkin and castor bean (Aka-
zawa and Hara-Nishimura 1985; Fukasawa et al, 1988; Hara-
Nishimura er al, 1985; Hara-Nishimura ec al. 19932). The
dense vesicles 1solared from maturing pumpkin cotyledons
contain high levels of a variety of proproteins (Hara-Nishi-
mura et al. 1991). Immunocytochemical studies revealed thar
VPE was selectively localized in the dense vesicles that me-
diate transpore of proproteins of various seed proteins to
vacuoles, as Figure 5 shows. This indicates that VPE is trans-
ported o vacuoles viz dense vesicles together with propro-
tein substrates, such as praglubuhn and pro”-‘s albumin.
However, endogenous maturation of seed proteins does not
occur in these vesicles (Hara-Nishimura er al. 1985). Thus,
VPE in the prevacuolar compartment must be a latent form
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Castor bean THKSLLPETNYVLFLVFTESFLP IEGLL:!;{.LNH‘;PG:LHPHE M T RRCADVEHAY L a0
Soybean L LORS T TSKTTWYSVVLHMIVVLVRVHGAARKENRKEWDSVIKL - P GYGNYRROADVCHAYDCEE 88
Jack bean  pipr---mmmemmmm e MMLVMLSLHGTAARLHAREWOSVIQL-P ad
S.mansanl | B e M igsj.’._rusu.in LLVKCQLOTNYEV -5 65
Castor bean 180
Soybean 178
Jack bean 158
S.mansoni 151
Caslor bean 270
Soybean 168
Jack bean I4
S.mansoni 213
Caslor bean ¥).FQGFDEASVHFPENHAHLNARMEVINCR 360
Soybean YOGFDPATVHIPRONGRLETEMEVYNCR 158
Jack bean Ll YHGFDEATVHTEPHRGHLEARMEVYNCR i3a
S.mansoni LS EFCGEROKGS TENDES PHKERHS TASE 315
Caslor bean  ERJiFHWOLYKRIENG SFIFHEILOOIKOAT TEDLLFGPKRASATLRSVREPGSP LVEDRG 150
Soybean *LLMOM Y ORSHHOSEIID I LKOTAE iVLLYGEGKGESVLOSVEAPGSSLYDDWT 148
Jack bean FUNOMYQRSHHOMERKITHILEQITE VELYGEGKSSEVLISVRAPGLELVEDWT 128
S.mansaonl ITLHRQIMMTHN- K FLHQTLGLKL RYM== = NNEEIPNTRA---TIDQTLOLY 391
Caslor bean QHHPTNOGYSK 497
Soybean LFHPSNRGYSA 435
Jack bean ALLLYPENTGYSA 415
S.mansan| TINERTIKI 429

Fig. 6: Comparisan of vacuolar processing enzymes of castor bean and soybean with jack bean legumain and a putative cysteine proteinase
of 5. mansoni. The primary sequences of castor bean VPE (Hara-Nishimura ec al. 1993 b), soybean VPE (Shimada ec al. 1994), jack bean le-
gumain (Takeda et al. 1994) and a purarive cysteine proteinase of §. mansoni (Klinkers ec al. 1989) are aligned using a program of GeneWorks
({IncelliGenetics, Mountain View, CA, USA). Boxed residues indicate identical amino acids, and shaded residues indicate homolopgous amino
acids, The closed triangle indicates the purtative cleavage site of the signal peptide of castor bean VPE and soybean VPE. An N-terminal se.
quence of jack bean legumain is underlined, while an N-terminal amino acid of castor bean VPE is blocked. Cysteine and histidine thar are
found in the highly conserved regions (indicated by asterisks) may be a possible active site of the enzyme.

that the enzyme must be acrivated in vacuoles, as Figure 7
shows. To clarify the mechanism of vacuolar processing es-
sential for biogenesis of protein storage vacuoles in seeds,
we examined the molecular structure and activation of the

VPE.

Molecular structure of vacuolar processing enzyme

We isolated cDNAs for VPEs of castor bean (Hara-Nishi-
mura ¢t al. 1993b) and soybean (Shimada et al. 1994). Both
eDNAs encode 55-kDa precursors. The deduced precursor
to castor bean VPE is 71 % identical to that of soybean, 70 %
to an asparaginyl endopepridase of jack bean (Takeda et al.
1994) and 33 % rto a putative cysteine proteinase of the hu-
man parasite Schistosoma manson: (Klinkert ev al. 1989), as
Figure 6 shows. The VPEs of castor bean (Hara-INishimura
et al. 1991), soybean (Shimada et al. 1994) and pumpkin
(Hara-Nishimura and Nishimura 1987) are inhibited by
a thiol reagent such as N-ethylmaleimide, monoiodic acetic
acid and p-chloromercuribenzoate, an indication that the en-
zyme is a cysteine proteinase. However, the sequences of

VPEs do not exhibit significant homology to known cys-
teine proteinases, including papain from papaya and mam-
malian cathepsins. This suggests that VPEs and Schistosom.
enzyme belong to a novel type of cysteine proteinase.

The 55-kDa precursors to VPE are much larger than the
37:kDa and 39-kDa active enzymes purified from castor
bean and soybean, respectively. Immunablotting using the
crude extract of these seeds demonstrates that the 37-kDa
and 39-kDa enzymes are actual mature enzymes and are not
degradation products during purification. Hydropachy anal-
ysis shows that each precursor has a hydrophobie sequence
of a putative signal peptide at the N terminus. According to
the method reported by von Heijne (1986), the cleavage site
of the signal peptide is predicted to be at the C-terminal side
of alanine 31 of the castor bean enzyme and alanine 32 of the
soybean enzyme, respectively (indicated by a closed triangle
in Figure 6).

Because the N-terminal amino acid of the mature VPEs of
castor bean is blocked, it remains to be solved whether =
small prosequence fragment berween a signal pepride and che
mature enzyme domain is present. Recently, the N-terminal
amino acid of jack bean enzyme was reported to be gluramic



acid-36 (Takeda er al. 1994). From the analogy with the jack
bean enzyme, the N-terminal amino ‘acid may be aspartic
acid-57 for castor bean enzyme and glutamic acid-56 of soy-
bean enzyme. This suggests that the 24-amino acid region
from serine-32 to aspartic acid-56 of castor bean YPE and 23-
amino acid region from arginine-33 to aspartic acid-55 of
soybean VPE are propeptide regions to be removed post-
translationally (Fig. 6). Overall the findings suggest thar the
precursor is composed of a signal peptide, an N-terminal
propeptide fragment, an active processing enzyme domain,
and a C-terminal propeptide fragment.

A lalent precursor to vacuolar processing enzyme Is
activated In vacucles

The presence of a signal peptide ar the N rerminus indi-
cates that the VPE is synthesized on the ER, and after cleav-
age of the signal pepride the 55-kDa precursor is converted
into a 51-kDa precursor that is transported to the vacuoles.
The result of an in vitro vacuolar processing experiment of
the transformed cells shows thar che larger precursor has no
vacuolar processing activity. The funcrional expression sug-
gests that the activation of the VPE requires proteolytic
cleavage of the propepride fragment of the precursar (Hara-
Nishimura et al. 1993b). These findings demonstrate that
the precursor of the VPE in the dense vesicles is a latent
form, which is transported to vacuoles and then activated in
the vacuolar matrix by proteolytic cleavage of propepude
fragments. This strongly suggests that a cascade of processing
plays a crucial role in the maturation of seed proteins in pro-
tein storage vacuoles of maturing seeds, as shown in Figure7.

Although there is a very low sequence homology in each
region of the signal peptides and the N-terminal propeptides
among the four enzymes, the N-terminal region of the ma-

Dense Vesicle
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I..:lpllhl form
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Fig.7: Hypothetical model for an intracellular transporr and activa-
tion of a vacuolar processing enzyme in maturing endosperm cells
of castor bean. A latent precursor of castor bean VPE is transported
from the endoplasmic reticulum to a vacuole via dense vesicle along
with proproteins of seed proteins. The latent VPE precursor is con-
verted into an active form by removal of the propepride in the vacu-
ole. The resulting active VPE catalyzes maturation of various seed
proteins including the 115 globulin and 25 albumin.
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ture enzyme is highly conserved (Fig. 6). It is well known
thar both cysteine and histidine residues are required for the
proteolytic activity of cysteine proteinases (Husain and
Lowe 1970). Cysteine and histidine that are found in the
highly conserved regions (indicated by asterisks in Figure 6)
may be an active site of the enzyme. By conrrast, the Coter-
minal region of — 100 amino acids of castor bean and soy-
bean enzymes is less homologous. Thus, it is most likely chac
the region is not essential for processing activity. As de-
scribed above, VPE recognizes exposed asparagine residues
on the molecular surface of proproteins. Asparagine-374 of
castor bean VPE precursor is also locared in the most hydro-
philic region. Autolysis of the C-terminal side of the aspara-
gine residue may convert an inactive precursor into a 37-kDa
active form of castor bean. Alternatively, the most hydre-
philic region might be exposed on the molecular surface of
the VPE precursor, and some prateolytic enzyme may easily
attack the region. Neurath (1989) reported that the sites of
proteolytic processing are generally in relatively flexible in-
terdomain segments or surface loops. It is hkely that proteo-
lysis and/or autolysis induces a conformarional change in
the inactive precursor and then generates an active VPE in
vivo. )

The N terminus of the mature 32-kDa Schistosoma enzyme
is located at valine-32 of the 49-kDa precursor (Klinkert et al.
1989). This indicates that a C-terminal fragment of ~ 14kDa
is post-translationally removed from the precursor to pro-
duce the mature enzyme. Gérz and Klinkert (1993) reported
that insect cells expressing the precursor of the Schistosorma
enzyme had no proteolytic acrivity on hemoglobin. These
observations are consistent with the results showing that the
VPE precursor expressed in £ coli had no processing activity
and thar removal of the propeptide fragment converes the
inactive precursor into an active VPE,

Another proteinase may be Invelved In the post-
tranalatlonal modificatlon of seed protelns

Sun et al. (1987) suggesced that a 15-kDa pro2S albumin of
Brazil nut is rapidly processed to a 12-kDa intermediace,

“which accumulates in the developing seed for more than

2months before it is further processed to the mature form.
The Brazil nut 28 albumin conserves asparagine-36 at the
first processing site in the precursor sequence, bur lacks an
asparagine residue ar the second processing site (Figs. 1, 2).
This suggests chat slthough the VPE can cleave a peptide
bond on the C-terminal side of asparagine-36 to make a 12-
kDa intermediate, it cannot split the intermediate into the
two subunits of the mature form. Thus another proteolytic
enzyme can be involved in the second processing of the 12-
kDa intermediate to make two subunits of the mature 25 al-
bumin. Accumulation of a 12-kDa intermediate in the devel-
oping Brazil nut seeds indicates that the second processing is
a limiting step of maturation of the 25 albumin,

The pro2S albumins of castor bean, Brazil nut, Arabidopsis
and rapeseed concain a'linker peptide berween the two sub.
units of the mature protein. The linker pepride might be
cleaved off by another endopeptidase or carboxypeptidase,
Since one amino acid at the C-terminus of rapeseed pro2$
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albumins is removed, a carboxypeptidase must exist in the
vacuoles of the developing seeds. Pulse-chase experiment of
developing pumpkin cotyledons showed that the labeled
proglobulin and pro2$ albumin were transiently detected in
the vacuoles, but did not accumulare in the vacuoles (Hara-
MNishimura et al. 1985; Hara-WNishimura e al. 1993 a). This
indicates that these proproteins are converted into their ma-
ture forms by the action of VPE, immediately after the
translocation into the vacuoles. The vacuolar processing
mighe precede the cleavages of the linker peptides and the
C-terminal peptides of proprotein precursors to seed pro-
teins. When and how the further cleavage occur in the vacu-
oles remains to the solved.

Physlologlcal role of vacuolar processing In plants

Vacuolar processing at asparagine residues of the Phaseolus
a-amylase inhibitor proprotein is shown to be required for
its activation (Pueyo et al. 1993, Fig. 1). Such proteolytic
processing associated with the activation of protein function
is a common mechanism of physiclogical regulation and is
well characterized in che case of animal cells, including a cas-
cade for blood coagulation and prohormone processing.

The VPE responsible for maturation of various proteins
plays a crucial role in the biosynthesis of vacuolar com-
ponents and regulates the biogenesis of protein-storage vacu-
oles in seeds. However, the vacuolar processing acuivity is
detected not only in seeds bur also in different non-storage
tissues including roots, hypocotyls and leaves of castor bean
(Fig. 8) and of other plants (Hiraiwa et al. 1993). The propro-
tein processing for proteinase inhibitors of tomato leaves
(Graham et al. 1985) and Nicotiana alata stigma (Atkinson et
al, 1993) occurs on the C-terminal side of an asparagine resi-
due, as Figure 1 shows. Recently we found that membrane
proteins, MP27 and MP32, of the pumpkin protein body are
synthesized as a single precursor, which is processed ar the
C-terminal side of an asparagine residue to produce the iwo
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Fig. 8: Distribution of vacuolar processing enzyme in various tissues
of castor bean. The VPE activity was assayed with a syntheric deca-
pepride as substrate and che products of the reaction were analyzed
by capillary electrophoresis. One unit was defined as 1 jmole Ceter-
minal pentapeptide produced per min.
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membrane proteins (Inoue et al. 1995). These findings sug-
gest that the vacuolar processing is a universal event in vacu-
oles of a broad range of plant ussues and that a VPE similar
to the enzyme we describe here functions on maturation of
various vacuolar proteins.
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